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Preface

This book is devoted to atomic particles and processes involving atomic particles. It
contains, on the one hand, numerical data for atoms, molecules, ions and processes
with participation of electrons, ions, atoms and molecules. On the other hand, this
book represents basic concepts and simple models for atomic particles and atomic
processes. Numerical data are given in various forms including periodical tables of
elements with filling by certain parameters of elements, atoms, molecules or pro-
cesses, spectra of atoms, potential curves for electron terms of molecules, con-
version factors for units used in formulas of atomic physics, tables and figures with
certain atomic parameters. This information is joined with simple models for atomic
particles and atomic processes.

Interaction inside atoms and between individual atomic particles is the basis of
models described the nature of atomic particles and processes under consideration.
Namely, electron terms of an atom follow from the exchange interaction of elec-
trons inside an atom due to the Pauli exclusion principle, and the relation between
exchange and spin—orbit interactions determines the atom coupling scheme, as well
as atom quantum numbers. Comparison of the electrostatic and exchange interac-
tion potential in a molecule with that of relativistic interactions gives molecular
quantum numbers in accordance with the Hund's cases of momentum coupling.
Interaction of atomic particles determines their dynamics, i.e. cross sections of their
scattering in collisions. In turn, transport of atomic particles in gases and plasmas
results from collisions of atomic particles, and, hence, transport coefficients are
expressed through cross sections of collisions of atomic particles. Moving
according to this scheme from atoms to molecules, from statics to dynamics, we add
models and concepts with numerical data on each stage of consideration.

This book may be useful as an addition to contemporary books on atomic
physics. Since the author collected and selected the content of this book in its
practical work, it is directed to active specialists including advanced students who
can use this material for the analysis of a certain physical situation.

Moscow, Russia Boris M. Smirnov
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Chapter 1 ®)
Introduction Check for

This book is devoted to atomic particles, i.e., atoms, molecules, ions, and electrons.
Properties of atomic particles, the character of their interaction, atomic collisions and
transport phenomena in gases is the object of this book. As the second edition of the
author book “Reference Data on Atomic Physics and Atomic Processes.” (Berlin,
Springer, 2008; 173p.) it gives numerical information about atomic particles and
processes with their participation and accounts for that of contemporary reference
books, in particular, for physical units and constants [1-4], and specific numerical
parameters of atomic particles and atomic processes [2, 5—14]; along with this, some
data are taken from contemporary reviews and original papers.

Selection of widely used information is the peculiarity of this reference book. As
aresult, we restrict ourselves by information for elements that gives the possibility to
give it in the form of periodical tables of elements. The book contains 19 periodical
tables with various atomic parameters. This allows us to increase the information
density an take a simple key to find required data. Atomic spectra for the lowest atom
states are represented in the book in the form of 28 Grotrian diagrams for atoms with
the electron valence shell s, s%, p*. This information does not change during last
tens years, and we use the Grotrian diagrams from [8, 15-18], and diagrams for the
lowest atom states are taken from [19]. In addition, potential curves are represented
for the ground and excited electron states of widespread molecules. Because this book
intends for an active reader who makes some estimates and calculations, the transition
between different units is required in various physical formulas. The book contains
some tables with conversion factors for transition between units in corresponding
formulas.

This book conserves general principles of the first edition which consists in selec-
tion the widely used information which is combined with simple models for the
nature of atomic particles and processes with their participation. In particular, con-
structing an atom as a system of electrons located in the Coulomb field of the nucleus,
we take as a basis the shell atom model. Within the framework of this model,
electrons are distributed over electron shells which result from the one-electron
© Springer International Publishing AG, part of Springer Nature 2018 1
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2 1 Introduction

approximation where individual electrons are located in a self-conted field of the
Coulomb center-nucleus and other electrons. Additional forms of interaction inside
an atom include the exchange interaction of electrons which follows from the Pauli
exclusion principle, and relativistic interactions inside an atoms where the main role
for light atoms is spin-orbit interaction. Combination of these interactions determines
various properties of atoms and molecules. For light atoms this leads to the Hund
law that determines the sequence of atom levels owing to exchange interaction of
electrons inside the atom for states with the same electron shell of valence electrons.
Next, relation between the energies of exchange and spin-orbit interactions deter-
mines the character of coupling of electron momenta and, correspondingly, quantum
numbers of atom states [20, 21]. This is demonstrated for certain atoms with using
their measured parameters.

Continuing the analysis of interaction for two-atom systems, one can obtain new
forms of interactions. At large distances between atomic particles compared with
their sizes, one can divide this interaction in a long-range interaction which follows
from interaction of momenta of atomic particles, and in a short-range interaction
that results from exchange by electrons which belong to different atomic particles.
Comparing these interactions and relativistic ones, one can obtain different cases for
quantum numbers of a diatomic molecule which are known as the Hund cases of
momentum coupling. From this electron properties follow for a diatomic molecule.

Along with properties of static atomic systems, interaction between atomic parti-
cles is of importance for dynamics of atomic particles and determines the character
of particle scattering in their collisions. The hard sphere model is useful for the anal-
ysis of thermal collisions of atomic particles where atomic scattering is determined
by a sharply varied interaction potential between colliding particles. This model is
valid for some cases because a thermal energy is small compared to typical elec-
tron energies which are responsible for particle interaction. This model allows one
to determine parameters of elastic atom-atom and ion-atom scattering in a simple
manner, whereas the analysis of the resonant charge exchange process uses that the
electron transition proceeds at large ion-atom distances compared with atomic sizes.
The possibility to use these models is justifies by experimental data. Since trans-
port phenomena in gases and plasmas, parameters of collisions of atomic particles
determine the transport coefficients.

Thus, the problems under consideration are connected by a logical chain that starts
from properties of atomic particles due to bound electrons and continues by interac-
tion of atomic particles. The latter leads to certain properties of molecules and also to
parameters of atomic collisions and transport phenomena in gases and plasmas. We
attract experimental and theoretical data for parameters of certain problems on each
step of this chain. Since this book intends for working specialists including advanced
students, its content includes, on the one hand, numerical information and reference
data for atomic particles and parameters of their dynamics, and, on the other hand, it
considers the physics of atomic particles in the form of simple models, and reference
data are combined with these models.

In this context it is necessary to explain the place of this reference book
among other ones. Of course, it cannot compete with contemporary data banks.
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In particular, NIST (National Institute of Science and Technology) is tuned on obtain-
ing and propagation of “Standard Reference Data in Chemistry, Engineering, Fluids
and Condensed Phases, Material Sciences, Mathematical and Computer Sciences
and Physics” [22-25]. CODATA (Committee of Data for Science and Technology)
represents contemporary data for various physical parameters [26]. HITRAN (High
Resolution Transmission) molecular of absorption database [27-29] contains data
for radiative properties of some molecules. Physical data of the above and other
data banks represent rich information about atomic data, and its volume exceeds
significantly that of this book.

Hence, the goal of this book is to give restricted information about atomic particles
and processes, but it is frequently used. Of course, the question is what are frequently
used data, and the author is based here on its experience as a physicist. Being guided
by frequently used information, one can cut its volume, that simplify its search. Some
help to this follows from some methods which include using of periodical tables as
boxes for information.

Note that some physical parameters are known with a high accuracy. For example,
the Planck constant [31] or speed of light [30] are known with the accuracy up to
9-10 sign. It may be of importance for the analysis of specific aspects of physics.
But the accuracy with three-five signs is enough in the most of estimations in reality,
and we are restricted by such accuracy. Next, the most part of information under
consideration is known a long time. For example, used potential ionizations of not
heavy atoms are the same as in the first half of 20 century. Therefore, new results
with respect of the most data are not of interest in the plan of this book. One more
remark is that some data often are known for a certain circle of elements or objects.
Therefore we represent in this book a simple analysis and models for physics of
objects under consideration. This can help to make simple estimations for objects
where information is absent. But because the book is intended for working scientists,
this part is not a textbook.

Thus, the main goal of this book is to extract general information about atomic
particles and to apply this information to general models described properties and
dynamics of interacting atomic particles. The author uses his practical experiency in
this field. In particular, a part of information about parameters of atomic objects is
taken from Appendices to the author books [19, 32-38] devoted to certain aspects
of atomic and plasma physics, so that the author collected this information as a user.
Thus, starting from the nature of atomic objects and processes, we give detailed infor-
mation about them. The book contains 77 tables with reference data, and 92 figures
give certain information. This book may be used as an addition to existing books
for various properties of atomic particles and their dynamics. Description of atomic
objects on the basis of simple models is combined with information about objects
and processes resulted from measurements. The author hopes that this material may
be useful for active specialists in atom sciences.



Chapter 2 ®)
Elements of General Physics oo

Abstract Fundamental constants of general physics, physical units and conversional
factors for units and physical formulas are represented. The system of physical units is
constructedly combination of CGS (centimeter—gram—second) and ESU (electro-
static units) or EMU (electromagnetic units) and the basic system of physical units
is MKSA (meter—kilogram—second—ampere) or International System of Units
(SI). Standard atomic weights and the natural occurrence of elements, abundance of
stable isotopes in the Earth’s crust and times of half-decay for long-lived radioactive
isotopes are given.

2.1 Fundamental Physical Constants

Fundamental physical constants used in atomic and molecular physics are given in
Table2.1. Their accuracy is restricted by 6 signs that is enough for the most cases of
the numerical analysis.

2.2 Elements and Isotopes

There are about 2700 stable and 2000 long-lived radioactive isotopes in the nature
[39]. Stable isotopes relate to elements with the nuclear charge below 83, excluding
technetium 437¢ and promethium ¢; Pm, and also to elements with the nuclear charge
in the range 90-93 (thorium, protactinium, uranium, neptunium). The diagram of
Fig.2.1 contains standard atomic masses for elements with taking into account their
occurrence in the Earth crust [2, 40]. If stable isotopes of a given element are absent,
the masses are given in square parentheses. These masses are given in atomic mass
units (amu) where the unit is taken 1/12 mass of the carbon isotope 1, C from 1961
(see Table2.1).

There is in diagram of Fig. 2.2 the occurrence of stable isotopes in the Earth crust.
Diagram of Fig.2.3 contain the lifetimes of stable of long-lived isotopes [2, 39—43].
Lifetimes of isotopes given in Fig.2.3 is expressed in days (d) and years (y) and are

© Springer International Publishing AG, part of Springer Nature 2018 5
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6 2 Elements of General Physics

given for isotopes whose lifetime exceed 2 h (0.08 d). In the case of transuranides
included in Fig.2.4 [43] these lifetimes may be smaller.

2.3 Physical Units

The unit system is a set of units through which various physical parameters are
expressed. The basis of any mechanical system of units is the fact that the value of
any dimensionality may be expressed through three dimensional units, the units of
length, mass, time. The oldest system of units, the CGS-system of units, which basis
are centimeter, gram and second [3], was introduced by British association for the
Advancement of Science in 1874. The system of International Units [4] was adopted
in 1960 (The conference des Poids et Mesure, Paris) and has as a basis meter (m),
kilogram (kg), second (s). Other bases may be used for specific units.

In transferring from mechanics to other physics branches, additional units or
assumption are required. In particular, below along with mechanical units, we deal
with electric and magnetic units. Then the base ST units along with the above mechan-
ical units contains the unit of an electric current ampere (A). Table 2.2 contains the
SI units and their connection with the base units. Note that we express below the
thermodynamic temperature through energy units.

In spreading the CGS-system of units to electrostatics, one can use the Coulomb
law for the force F between two charges e¢; and e, that located at a distance r in a
vacuum. This force is given by
e ey

72

where €, is the vacuum permittivity. Defining a charge unit from this formula under
the assumption €, = 1, we construct in this manner the CGSE-system of units that
describes physical parameters of mechanics and electrostatics. In the same way, in
constructing the CGSM-system of units on the basis of the mechanical CGS-system
of units the assumption is used that the vacuum magnetic conductivity is one u, = 1.
Because of units of electrostatic CGS (CGSE-system of units) and electromagnetic
CGS (CGSM-system of units) are used, we below give some conversional between
these systems and SI-units.

Along with the specific unit system, for atomic systems the system of atomic units
(or Hartree atomic units) is of importance because parameters of atomic systems are
expressed through atomic parameters. In construction the system of atomic units the
fact is used that the parameter of any dimensionality may be built on the basis of three
parameters of different dimensionality. As a basis of the system of atomic units the
following three parameters are taken: the Planck constant i = 1.05457 - 10~ erg -
s, the electron charge e = 1.60218 - 10~ C and the electron mass m, = 9.10939 -
10~ g (we take then the vacuum permittivity and the magnetic conductivity of a
vacuum to be one). The system of atomic units constructed on these parameters is
given below in Table2.3.

Tables2.4,2.5,2.6,2.7,2.8,2.9,2.10,2.11,2.12,2.13,2.14and 2.15 contain conver-
sional factors between used units.
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Physical units introduced in a honor of scientists

DN —

15.
16.
17.
18.
19.
20.

oo s W

Unit of energy J (joule)—Joule J.P. (1818-1889, England)

Unit of temperature K (kelvin)—Kelvin, Lord (William Thomson, 1824-1907,
Ireland)

Unit of frequency Hz (hertz)—Hertz H.R. (1857-1994, Germany)

Unit of power W (watt)—Watt J. (1736-1819, Scotland)

Unit of pressure Pa (pascal)—Pascal B. (1623-1662, France)

Unit of pressure torr (torrichelli)—Torrichelli E. (1608-1647, Italy)

Unit of force N (newton)—Newton 1. (1643—-1727, England)

Unit of charge C (coulomb)—Coulomb Ch.A. (1736-1806, France)

Unit of electric potential (voltage) V (volt)—Volta A.G.A.A. (1745-1827, Italy)
Unit of specific electric field strength Td (townsend)—Townsend J.S.E. (1868—
1957, Ireland, England)

. Unit of conductance S (siemens)—Siemens W. (1816—1892, England)

Unit of resistance 2 (ohm)—Ohm G.S. (1787-1854, Germany)

. Unit of current strength A (ampere)—Ampere A.M. (1775-1836, France)
. Unit of magnetic field strength Oe (oersted)—Oersted Ch. (1777-1851, Den-

mark)

Unit of magnetic flux Wb (weber)—Weber W.E. (1804-1891, Germany)

Unit of magnetic flux density Gs (gauss)—Gauss J.C.F. (1777-1855, Germany)
Unit of magnetic flux density T (tesla)—Tesla N. (1856-1943, Croatia, USA)
Unit of viscosity P (poise)—Poiseuille J.L.M. (1797-1869, France)

Unit of electric capacitance F (farad)—Faraday M. (1791-1867, England)
Unit of inductance H (henry)—Henry J. (1797-1878, USA)

2.4 Conversional Factors in Formulas of General Physics

Table 2.16 contains conversional factors in some physical formulas.
Explanations to Table2.16.

1.

The particle velocity is v = /2¢/m, where ¢ is the energy, m is the particle mass.

2. The average particle velocity is v = /8T /(wm) with the Maxwell distribution

Nk

function of particles on velocities; T is the temperature expressed in energetic
units, m is the particle mass.

The particle energy is ¢ = mv?/2, where m is the particle mass, v is the particle
velocity.

The photon frequency is @ = ¢/h, where ¢ is the photon energy.

The photon frequency is w = 2mwc¢/A, where X is the wavelength.

The photon energy is € = 2w hc/A.

The Larmor frequency is wy = eH /(mc) for a charged particle of a mass m in a
magnetic field of a strength H.

The Larmor radius of a charged particle is ry = +/2¢/m/wy, where ¢ is the
energy of a charged particle, m is its mass, wy is the Larmor frequency.

The magnetic pressure p,, = H?/(87).
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Fig. 2.1 Standard atomic weights of elements and occurrence of elements in the Earth’s crust
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Fig. 2.2 Occurrence of stable isotopes in the Earth
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Fig. 2.3 Lifetimes of long-lived radioactive isotopes: s—second, m—minute, ~—hour, d—day,
y—year
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Fig. 2.4 Lifetimes of radioactive isotopes of lathanides and transuranides: s—second, m—minute,
h—hour, d—day, y—year
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Tables

Table 2.1 Fundamental physical constants

Electron mass

me =9.10938 - 1073 g

Proton mass

m, = 1.67262- 10724 ¢

Atomic unit of mass

mq = 15m(12C)=1.660539- 107> g

Ratio of proton and electron masses

my,/m, = 1836.15

Ratio of atomic and electron masses

mg/me = 1822.89

Electron charge

e =1.602177 - 10719 C=4.803204 - 10~ Ve s.u.

e? =2.3071-10"%erg- cm=14.3996eV A

Planck constant

h=6.62619 - 10~ ergs

k= 1.054572 - 10~ ergs

Light velocity

¢ =2.99792458 - 10'% cm/s, moc? = 510.98keV

Fine-structure constant

a=e?/(h-c) =0.07295

Inverse fine-structure constant

1/a =h-c/e? = 137.03599

Bohr radius

a, = 2/ (m, - €%) = 0.5291772 A

Rydberg constant

R = me*/(2h%) = 13.60569eV =2.17987
-10718)

Bohr magneton

up = eh/(2mec) = 9.27401 - 1072 J/T =
9.27401 - 107! erg/Gs

Avogadro number

Nj = 6.02214 - 1023 mol !

Stephan-Boltzmann constant

o =% /(60K3c?)

Molar volume

R =22.4141/mol

Loschmidt number

L =N4/R=2.6867-10"9cm™3

Faraday constant

F = Npe = 96485.3 C/mol
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Table 2.2 Basic SI units [1, 2, 4]

2 Elements of General Physics

Quantity Name Symbol Connection with base units
Frequency hertz Hz 1/s

Force newton N mkg/s?

Pressure pascal Pa kg/(ms?)

Energy joule J m? kg/s?

Power watt w m? kg/s’

Charge coulomb C As

Electric potential (voltage) | volt \% W/A

Electric capacitance farad F A2 s*/(m? kg)
Electric resistance ohm Q m? kg/(A2 $3)
Conductance siemens S A? §3/(m? kg)
Inductance henry H m? kg/(A? s?)
Magnetic flux weber Wb m? kg/(A s2)
Magnetic flux density tesla T kg/(As?)
Table 2.3 System of atomic units

Parameter Symbol, formula Value

Length a, = W2/ (me®) 5.2918-10~%cm
Velocity vy = €2/h 2.1877 - 108 cm/s
Time 7, = B3 /(me*) 2.4189-10717g
Frequency v, = me* /13 4.1341 - 10051
Energy g0 = me* |1 27.2114eV = 43598 - 10718
Power &,)T = m2ed /W 0.18024 W

Electric voltage o = me /12 27.2114V

Electric field strength E, = me’ /I 5.1422 - 10° V/em
Momentum po = me?/h 1.9929 - 10~ gcm/s
Number density N, =a;? 6.7483 - 10**cm™3
Volume V,=al 1.4818 - 107¥ cm?® =

0.089240 cm*/mol

Square, cross section o, = a(% 2.8003- 10721 cm?

Rate constant

ko, = voag = ﬁS/(mzez)

6.126 - 1079 cm?/s

Three body rate constant

K, = van =12/ (m%ed)

9.078 - 10734 cm®/s

Dipole moment

ea, = h%/(me)

2.5418 - 1018 esu=2.5418D

Magnetic moment

R2/(me) = 2ug/a

2.5418 - 1018 erg/Gs
=2.5418 - 10721 J/T

Electric current

I=e/t =me /1>

6.6236 - 1073 A

Flux

Jo = Nov, = m3es/h7

1.476 - 103 cm—25~!

Electric current density

ip, = eNyv, = m3e9/h7

2.3653 - 10 A/cm?

Energy flux

J = e,N,v, = m*e'2 /1

6.436 - 101 W/cm?
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Table 2.5 Conversional factors for units of pressure

2 Elements of General Physics

1Pa=1N/m? | 1dyn/cm? 1 Torr 1 atm® Latb 1 bar
1Pa=1N/m? |1 10 7.5001- 1073 |9.8693-107¢ [1.0197-1073 | 107>
1 dyn/cm? 0.1 1 7.5001-10~*4 |9.8693-10~7 |1.0197-107¢ |10~°
1 Torr 133.332 1333.32 1 131581073 | 1.3595- 1073 | 1.33332. 1073
1atm® 1.01325-10° | 1.01325-10° | 760 1 1.01332 1.01325
1atb 9.80665 - 10* | 9.80665 - 10° | 735.56 0.96785 1 0.980665
1 bar 10 100 750.01 0.98693 1.0197 1
2atm—physical atmosphere
bat = kg/cm®—technical atmosphere
Table 2.6 Units of electric charge
le 1CGSE 1C
le 1 4.8032- 10710 1.60218 - 1071
1CGSE 2.0819 - 10° 1 3.33564 - 10710
1C 6.2415-10'8 2.99792 - 10° 1
Table 2.7 Units of electric voltage
1V 1CGSE 1C/m
1v 1 3.33564 - 1073 1.113 . 10710
1CGSE 299.792 1 3.3364 -10~8
1C/m 8.9875 - 10° 2.99792 - 10’ 1
Table 2.8 Units of electric field strength
1 V/iem 1 CGSE 1 C/m?
1V/cm 1 3.33564 - 1073 1.113-1078
1CGSE 299.792 1 3.3364 - 107
1 C/m? 8.9875 - 107 2.99792 - 10° 1
Table 2.9 Units of specific electric field strength
1Td*? 1 V/(cm Torr)
1Td? 1 2.829
1V/(cm Torr) 0.3535 1
4 Td=1-10""Vcm?
Table 2.10 Units of conductivity
S/m 1/(2 cm) 1/s
S/m 1 0.01 1.11265 - 1014
1/(2 cm) 100 1 1.11265 - 1012
1/s 8.98755 - 1013 8.98755 - 101! 1
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Table 2.11 Units of electric resistance
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1Q 1 CGSE 1CGSM
1Q 1 1.11265 - 10712 10°
1 CGSE 8.98755 - 101! 1 8.98755 - 1020
1CGSM 1079 1.11265 - 10~ 1

Table 2.12 Units of current density

1e/(cm? s) 1 CGSE 1 A/m?
le/(cm? s) 1 2.99792 1.60218 - 1015
4.8032-10710
1CGSE 2.0819 - 10° 1 3.3356 - 107°
1 A/m? 6.2415 - 104 2.9979 - 10° 1
Table 2.13 Units of magnetic field strength
10e 1 CGSE 1 A/m
10e 1 2.99792 . 10'0 79.5775
1 CGSE 3.33564 - 10~ 1 2.65442-10~°
1A/m 0.012566 1.11265 - 102! 1
Table 2.14 Units of magnetic induction
1 CGSE 1T=1Wb/m? 1Gs
1CGSE 1 2.99792 - 106 2.99792 - 1010
1T=1Wb/m? 3.33564 - 1077 1 104
1Gs 3.33564 - 1011 10~ 1
Table 2.15 Units of viscocity
1 CGSE=g/(cms) 1 P (poise) 1Pas
1 CGSE=g/(cms) 1 1 0.1
1P (poise) 1 1 0.1
1Pas 10 10 1
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Table 2.16 Conversional factors for formulas involving atomic particles

Number Formula? Factor C Units used

1 v=Ce/m 5.931-107 cmi/s &ineV, mine.m.u?
1.389 - 10° cm/s gineV,min am.u.?
5.506 - 10° cm/s ein K, minem.u.
1.289 - 10% cm/s ¢in K, min a.m.u.

2 v=CT/m 1.567 - 109 cm/s T ineV, min am.u.
1.455 - 10%cm/s T in K, m in a.m.u.
6.212 - 10° cm/s T in K, m in a.m.u.
6.692 - 107 cm/s T ineV, min e.m.u.

3 &= Cv? 3.299-10712K v in cm/s, m in e.m.u.
6.014-107°K v in cm/s, m in a.m.u.
2.843 - 10~ 10eV v in cm/s, m in e.m.u.
5.182-10"13ev v in cm/s, m in a.m.u.

4 w=Ce 1.519- 1013571 e ineV
1.309 - 10'1s~! einK

5 w=C/\ 1.884 - 1019571 Ain pm

e=C/A 1.2398eV Ain pm

7 wyg =CH/m 1.759 - 107 s7! H in Gs, m in e.m.u.
9655s~! H in Gs, m in a.m.u.

8 rg = C/em/H 3.372cm ¢ ineV, minem.u., H in Gs
143.9cm gineV, min am.u., H in Gs
3.128 - 10 2cm ¢in K, mine.m.u., H in Gs
1.336cm ¢ inK, minam.u., H in Gs

9 p=CH? 4.000 - H in Gs
1073 Pa=0.04 erg/cm?

3e.m.u. is the electron mass unit (m, = 9.108 - 10~28 g),a.m.u. is the atomic mass unit (m, =
1.6605 - 107**g)



Chapter 3 ®)
Physics of Atoms and Ions e

Abstract General concepts of physics of atoms are considered. A general atom
scheme takes the Coulomb interaction of electrons with the nucleus and between them
as the strongest interaction which together with the Pauli principle for electrons leads
to the shell atom structure. More weak interactions include an exchange interaction
of electrons and spin-orbit interaction which determine the scheme of momentum
coupling in the atom and its quantum numbers. The detailed analysis is fulfilled
for properties of the hydrogen and helium atoms located in the ground and excited
states. The analysis of lowest excited states of inert gas atoms is a demonstration of
momentum coupling in atoms. Information is collected for spectral parameters of
atoms with s and p valence electrons in the ground state.

3.1 Properties of Hydrogen and Helium Atoms
and Similar Ions

We first consider the ground and excited states of the hydrogen atom where an
electron is located in the Coulomb field of a proton. The electron position in the
field of the Coulomb center is described by three space coordinates, namely, r, the
distance of the electron from the Coulomb center, 6, the polar electron angle, and ¢,
the azimuthal angle. In addition, the spin electron state is characterized by the spin
electron projection o onto a given direction. In the non-relativistic limit, space and
spin coordinates are separated, and the space wave function has the form

Y(r,0,¢9) = Ru(r)Yim (0, ¢) (3.1)

Here separation of variables is used for an electron located in the Coulomb center
field, so that R,;(r) is the radial wave function, and Y}, is the angle wave function.
In addition, 7 is the principal quantum number, / is the angular momentum, m is the
angular momentum projection onto a given direction. These quantum numbers are
whole values, andn > 1,n > [+ 1,1 > 0, | m |< [. The binding state energy ¢, that
counts off from the continuous spectrum boundary is given by
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mee4

s 3.2
2h2n? (3.2)

En =
Here 7 is the Planck constant, e is the electron charge, m, is the electron mass,
and the nuclear mass assumes to be infinite. As is seen, the states of an electron
that is located in the Coulomb field are degenerated with respect to the electron
momentum / and its projection m onto a given direction (as well as with respect to
the spin projection o, since the electron Hamiltonian is independent of its spin). For
notations of electron states (electron terms) are used its quantum numbers #, [, where
the principal quantum number 7 is given as a value, whereas the quantum number /
is denoted by letters, so that notations s, p, d, f, g, h relate to states with the angular
momenta l = 0, 1, 2, 3, 4, 5 correspondingly. As example, the notation 4f respects
to a state with quantum numbers n =4, [ = 3.

The angle wave function of an electron located in the Coulomb center field is
satisfied to the Schrodinger equation

. oY, 1 0%,
20—" 2 +I1l+ 1Y, =0 3.3
8cost9<sm dcos b sin? @ Op? +it+ DY (3-3)
and is given by the formula [44—46]
2A4+11—m* ,
Yim(0, ) = [? m} P} (cos 0) exp(imyp) 34

These angle wave functions of an electron are represented in Table 3.1.
The radial wave function of an electron in the hydrogen atom is the solution of
the Schrodinger equation

1
;ﬁ(arl) + 2e + ; - > Rn[ = 0, (35)

r
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that with accounting for boundary conditions has the form

1 2 (n+0!
a2 I+ (n—1-1)!

i r 2r
R, (r) = 2r) exp(—;) Fl—-n+14+1, 21+2, -

(3.6)
where F' is degenerate hypergeometric function. The following normalization con-
dition takes place for the radial wave function

oo

/ﬁwﬁm:L (3.7)

0

Table 3.2 lists the expressions of the radial electron wave functions for lowest hydro-
gen atom states.
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Table 3.3 contains expressions for average quantities (") of the hydrogen atom,
where r is the electron distance from the center, and Table 3.4 lists the values of these
quantities for lowest states of the hydrogen atom.

o0

(r"): fRil(r)r”+2dr (3.8)

0

Fine structure splitting in the hydrogen atom is determined by spin-orbit inter-
action and corresponds according to its nature to the interaction between spin and
magnetic field due to angular electron rotation. The fine structure splitting is given
by [44-46]

2,:\2 2,:\2 2\ 2 4
5 _1 Z~eh <i>~(i§)—2l+l Z=eh <i>_ e Z (3.9)
=2\ e 3 " me B3] \he) 28310+ 1) :

Here brackets mean an average over the electron space distribution, and this formula
relates to the hydrogenlike ion, where Z is the Coulomb center charge. Since the
parameter [e?/(hc)]*/4 = 1.33 - 1073 is small, the fine structure splitting is small
for the hydrogen atom. Accounting for the fine structure splitting gives the quantum
numbers of the hydrogen atom as Isjm; instead of numbers /mso for degenerate levels,
where s = 1/2 is the electron spin, j = [ £ 1/2 is the total electron momentum,
m, o, m; are projections of the orbital and total momenta onto a given direction. Note
that the lower level corresponds to the total electron momentumj =1/ — 1/2.

The behavior of highly excited or Rydberg states of atoms is close to those of
the hydrogen atom, because the coulomb electron interaction with the center is the
main interaction. But a short-range electron interaction with an atomic core leads to
a displacement of atom energetic levels, and the electron energy instead of that by
formula (3.2) is given by [47]

mee” mee”

R __ , 3.10
T e T TR —a) (3.10)

where n, is the effective principal quantum number, J; is so called quantum defect
[48, 49]. Since it is determined by a short-range electron-core interaction, its value
decreases with an increase of the electron angular momentum /. Table 3.5 contains
the values of the quantum defect for alkali metal atoms [50, 51].

In addition, Fig.3.1 gives spectrum of the hydrogen atom in the form of the
Grotrian diagram.

In order to explain the atom nature, its structure and spectrum, we use one-electron
approximation where the atom wave function is the combination of products of one-
electron wave functions. In construction the atom wave function we are based on
the Pauli exclusion principle [52-54] according to which location of two electrons
is prohibited in identical electron states. This means that two electrons with the



24 3 Physics of Atoms and Ions

same spin direction can not be located at the same coordinate. Other formulation of
the Pauli exclusion principle is that the total wave function of electrons changes a
sign after permutation of two electrons. In this manner the Pauli exclusion principle
influences on the atom structure and leads to the exchange interaction potential
between electrons. In the case of the helium atom or heliumlike ion one can define
the exchange interaction potential as the difference between energies of states with
the total spins S = 0 and S = 1 and identical other quantum numbers.

Let us introduce the exchange interaction potential inside an atom as the difference
between states with the total spin S = 0 and S = 1 for identical other quantum
numbers. The Hamiltonian of the helium atom (or heliumlike ions) has the form

K2 th Ze? Zez+ &2
1 — 2—— — —

H=— S —
2m, r r [r; — 1y

3.11
. (3.11)

where the first two terms describes the kinetic energy of electrons, the third and
fourth terms refer to Coulomb interaction of electrons with the nucleus of a charge
Z, the last term corresponds to interaction between electrons, and ry, r; are electron
coordinates. Correspondingly, the energy E of a given state is

E = (VH|V), (3.12)

where W is thee wave function of electrons for a given state.

Let us construct the wave function of electrons in the one-electron approach in the
state with electrons in states n = 1 and n = 2. The total wave function is a product of
the spin wave function and coordinate one. According to the Pauli principle, the total
wave function of two electrons changes the sign as a result of permutation of two
electrons. Since the spin wave function for the spin S = 1 is symmetric with respect to
permutation of electrons, the coordinate wave function of this state is antisymmetric
with respect to this operation. On contrary, the coordinate wave function for the total
spin S = 0is symmetric with respect to permutation of electrons. Let us construct the
coordinate wave function for the state, where the principal quantum number n = 1
for one electron and n = 2 for another electron. The total coordinate wave function
which satisfies to the above symmetry with respect permutation of electrons in the
one-electron approach has the form

1
Wo,1(ry, 12) = EW(I'])@(I‘z) + P(r)er], (3.13)

where r;, r; are coordinates of corresponding electrons, the coordinate wave func-
tions 1 (r) and o (r) correspond to states with n = 1 and n = 2, sign plus relates to
the state with the total spin S = 0 and sign minus refers to the state with § = 1.
From this one can find the difference of energies of these states A that is given by

A = 2(p(r)e(r)1H Y (r)e(r)), (3.14)
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From this it follows that the total electron spin determines a certain symmetry of the
space electron wave function that influence on the electron energy. The exchange
interaction (3.14) is determined just by the symmetry of the wave function, rather
interactions involving electron spins.

Thus the spectrum of the helium atom (Fig.3.3) is divided in two independent
parts with the total electron spin § = 0 and S = 1 with an antisymmetric space wave
function of electrons in the first case and with symmetric space wave function of
electrons in the second case. The radiative transitions between states which belong
to different parts are absent practically because of conservation of the total electron
spin in radiative transitions due to first approximations in the expansion over a small
relativistic parameter. In addition, atom levels related to the total spin S = 1 are
located below the corresponding levels of states S = 0 with identical other quantum
numbers. One can see it in the diagram of Fig. 3.3 for the helium atom and in Fig. 3.2
where the lowest excited states of the helium atom are given.

Let us expand the expression (3.11) for the Hamiltonian of electrons by addition
to it the exchange interaction and also the spin-orbit interaction. As a result, we
represent the electron Hamiltonian in the form

K2 h? Ze*  Ze? &?

I:I = — Az—————f-—'—‘rASA]SAz +Bi1§1+Bi2§2 (3.15)
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As early, an electrostatic interaction of electrons with a core and also with each other,
the exchange interaction of electrons, and the interaction of an electron spin with
its orbit are included in this Hamiltonian. Spin-orbit interaction is of importance for
spectroscopy of excited atom electron states, whereas interaction of a spin with a
foreign orbit is not important.

Let us use the electron Hamiltonian (3.15) for the analysis of spectrum of the
helium atom that is given in Fig.3.3 and spectra of heliumlike ions. In the ground
atom state both electrons are located in the state 1s, and the ground atom state is
1s* 18, i.e. the total atom spin is zero S = 0. The atom state with S = 1 and
the states ls of both electrons is not realized because the space wave function is
antisymmetric with respect to electron permutation and is zero for identical electron
states. The quantum number of an excited helium atom is its orbital momentum and
spin that can be equal to zero or one. In the latter case the atom quantum number is the
total atom momentum that is a sum of the orbital momentum and spin (see Fig. 3.3).
In the case of heliumlike ions which consist of the Coulomb center of a charge Z
and two electrons, the contribution of different interactions to the total energy varies
with variation of the center charge, as it follows from Table 3.6. Correspondingly,
the spectrum of heliumlike atoms changes with variation of Z.



26 3 Physics of Atoms and Ions

3.2 Quantum Numbers of Light Atoms

In considering light atoms, one can ignore relativistic interactions in the first approx-
imation, and the electron Hamiltonian for such an atom in accordance with the
expression (3.15) has the form

2m, - |r;

N K2 Ze? e? A
H=— Ai—Z——i— ——i—AZsisk (3.16)
— T - — I -
i ik ik
Here i, k are electron numbers, r;, ry are electron coordinates, §;, S are the operators
of electron spins.
The operators of the total electron momentum L and the total electron spin S for
an atom are given by

L=)1.8=)%. (3.17)

where I; and §; are the operators of the angular momentum and spin for i-th electron.
Because these operators commute with the Hamiltonian (3.16) [21], the atom quan-
tum numbers are LSM; My , where L is the angular atom momentum, S is the total
atom spin, My, Mg are the projections of these momenta onto a given direction.

If we add to the Hamiltonian (3.16) the operator of spin-orbit interaction in the
form BLS, the energy levels for given atom quantum numbers L and S are split, and
the atom eigen states are characterized by the quantum numbers LSJ/M;, where J is
the total atom momentum, M; is its projection onto a given direction.

The following notations are used to describe an atom state. The number 25 + 1
of spin projections, the multiplicity of spin states, are given in front above. The
angular atom momentum is given by letters S, P, D, F, G etc. for values of
the angular momentum L = 0, 1, 2, 3, 4, 5 etc. The total atom momentum
J is given as a subscript. For example, D5 corresponds to atom quantum numbers
S =1, L =2, J = 3. This method of description of atom states is suitable for light
atoms. But this scheme may be used also for heavy atoms to classify atom states,
though relativistic effects are of importance for these atoms.

The atom shell model distributes bound electrons over electron shells, so that each
shell contains electrons with identical quantum numbers n/. This corresponds to one-
electron approximation if the field that acts on a test electron consists of the Coulomb
field of the nucleus and a self-consistent field of other electrons. The sequence of
shell filling for an atom in the ground state corresponds to that for a center with a
screened Coulomb field that acts on a test electron.

We now consider the behavior of energetic parameters for atoms parameters of
the lowest electron levels are given for atoms with electron shells p, p*, p*, p* and
p5 for valence electrons which correspond to atoms of third, fourth, fifth, sixth and
seventh groups of the periodical system of elements. This information is represented
in Tables3.7, 3.8, 3.9, 3.10 and 3.11. Table3.7 contains parameters for atoms of



3.2 Quantum Numbers of Light Atoms 27

the third group of the periodical system of elements where the ground atom state is
p ,»2 in notations of the LS coupling scheme that is accurate for light atoms. The
first excitation state refers to the electron term 2P /2 and corresponds to another fine
state. Table 3.7 lists the excitation energy ¢, from the ground state to an excited state
2812, and also the wavelength A(*Py , —* S 2) for transition between these states, as
well as the radiative lifetime 7(%S; ,2) for an excited state. Note that the fine splitting
of levels in the hydrogenlike atom is given by formula (3.9) and depends strongly on
the nucleus charge. Table 3.7 contains values of the effective charge Z,; of an internal
atom part that determines the fine level splitting.

The statistical weight or the number of states of an atom with different quantum
numbers equals C2 = 15. in the case of the fourth group of elements with p* electron
shell, and Fig. 3.4 shows two distributions of electrons of this shell over states with
the maximum projections of the atom orbital momentum and the maximum spin
projection onto a given direction. As it follows from Fig. 3.4, one of electron terms
in this case which refers to the maximum orbital momentum, is characterized by the
orbital momentum projection onto a given direction M; = 2. This electron term is
ID, and the second electron term that corresponds to the maximum spin is >P. The
total number of states related to these electron terms equals 14, and one more electron
term is 'S. The ground electron state of atoms of this group is *Py, and Table 3.8
contains both the energies of excitation of other electron terms ('D and 'S), and the
energy of excitation of other fine states (*P; and 3P,). Evidently, in all the cases the
energies of excitation of fine states is less than that for excitation other electron terms
of a given electron shell.

Two distributions of electrons of the electron shell p? (fifth group of the period-
ical system of elements) over states are shown in Fig.3.5, so that the first state is
characterized by the maximum projection of the total orbital momentum of electrons
onto a given direction, and the maximum projection of the total electron spin cor-
responds to the second distribution. In the case of the fifth group of elements with
electron shell Then the state with the maximum orbital momentum projection relates
to the electron term 2D, and the state with the maximum spin projection refers to the
electron term *S. The total number of electron states for fifth group of the periodical
system of elements with the electron shell p? is equal Cg = 20. Evidently, one more
electron term whose statistical weight equals 6, is 2P. The ground state of this group
atoms is 453 /2. Table 3.9 contains the excitation energies of electron states of atoms
with the electron shell p* and also fine splitting of excited levels.

One can construct the sequence of atom levels for sixth group of the periodical
system of elements with the electron shell p* on the basis of those for the fourth group
by replacing of p— electrons with p— holes in the completed electron shell p°. In this
case we obtain the same sequence of electron terms, but the opposite sequence of fine
states. Hence, the ground electron state for atoms of the sixth group of the periodical
system of elements is 3P,. Table3.10 gives the excitation energies of atoms of the
sixth group, as well as the fine splitting of levels for the lowest electron term.

Atoms of halogens which relate to the seventh group of the periodical system of
elements with the electron shell p> are characterized by electron terms which are
analogous to atoms with one p-valence electron because they contains one p-hole
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with respect to the completed electron shell. Hence, the electron term of the ground
state of halogen atoms coincides with that of atoms of the third group of the periodic
system of elements, but sublevels of fine structure have the inverse sequence. The
ground state of halogen atoms is >P5 ». Table 3.11 exhibits parameters of lowest states
of halogen atoms.

One can also represent information about energetic parameters for the lowest
states of some atoms with non-completed electron shells p*, p* and p> on diagrams.
The diagrams of Figs.3.6, 3.7, 3.8, 3.9, 3.10, 3.11, 3.12, 3.13 give the information
of such a type and allows one to check the above scheme. In particular, fine splitting
of the ground state of the tellurium atom (Fig.3.13) is approximately more in 20
times than that for the oxygen atom with the same electron structure (Fig.3.8) and
the character of fine splitting in these cases is different. Nevertheless using the same
classification method for both cases is convenient.

Valence electrons determine properties of atoms and atom interaction. One can
construct the valence electron shell to be consisted of one electron and atomic rest.
This parentage scheme allows one to analyze atom properties due to one-electron
transitions. Then the electron wave function of an atom Wigy, m,(1,2,...,n) is
expressed through the wave function of an atomic rest Wy, S'MIM (2,...,n) and the
wave function of a valence electron 1, Lmg (D) in the following manner [55-57]

1.
\IJLSMLMS(I,Z,...,n)=7P Z GES. (1, n)

L'M/S'M{mo
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Here n is a number of valence electrons, the operator P permutes coordinates and
spin of a test electron that is denoted by an argument 1 with those of valence electrons
of the atomic rest; LSM; My are the atom quantum numbers, L'S’M/M; are quantum
numbers of the atomic rest, /1 mo are quantum numbers of a test electron, Gé,SS, (I, n)
is the parentage or Racah coefficient [55], and the Clebsh-Gordan coefficients result
from summation of momenta (orbital and spin momenta) of a test electron and atomic
rest into an atom momentum.

Note that the one-electron wave function by analogy with formula (3.1) has
the form

W(r, 0,0) = Ry Y (0, ©)X1/2,0 (3.18)

where the angular wave function Yy, is given by formula (3.4), x1/2,, is the spin
electron wave function, and the radial wave function R,;(r) is normalized by the
condition (3.6) and satisfies to the Schrodinger equation (3.5) far from the core. The
Coulomb interaction potential between the electron and core takes place at large
electron distances r from the core where the solution of this equation has the form
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Ry =Ar " exp(—yr), ry>> 15 ry? > 1 (3.19)

Here v = +/(—2¢) in atomic units, and the electron behavior far from the core is
determined by two asymptotic parameters, an exponent v and an amplitude A.

The parentage scheme relates to a non-relativistic approximation when the orbital
momentum and spin are quantum numbers for an atom and its atomic rest, and this
scheme accounts for the spherical atom symmetry if non-relativistic interactions are
small. Then LSM; My, i.e. the atom angular momentum, spin, and their projections on
a given direction are the quantum numbers. In this approximation the atom states are
degenerated over the angular momentum and spin projections, i.e. identical energies
corresponds to different projections on a given direction for these momenta. The
simplest construction of electron shells relates to s and p— valence electrons, and
the values of parentage coefficients for these cases are given in Table 3.12.

Fractional parentage coefficients satisfy to some relations that follow from the
definition of these quantities. The normalization of the atomic wave function takes
the form

S [GE U w ] =1 (3.20)
L'S'v

The total number of valence electrons equals to 4/ + 2 if the shell is completed. The
analogy between electrons and vacancies connects the parameters of electron shells
in the following method [55, 57]

(1,443 —n,v)
(3.21)

e 28" + DL + 1) 172
GLS. (I n. v) = (~ LT +S+8'=1-1/2 | n( GLS
pgmv) = @ +3-n2S+DCL+ 1) L's

The parentage scheme relates to light atoms where relativistic effects are small.
Then within the framework of LS-scheme of momentum summation the angular
atom momentum is the sum of angular momenta of an atomic rest and test electron,
and the atom spin is the sum of spins of these particles. Then as a result of interaction
of an atom angular momentum L and spin S, these momenta are summed into the
total atom momentum J, so that atom quantum numbers are LSJM;, where M, is the
projection of the total atom momentum on a given direction. As is seen, splitting of
the electron terms with given values of L and S due to spin-orbit interaction leads
to atom quantum numbers LSJ in contrast to quantum numbers LS in neglecting
spin-orbit interaction.

Table 3.13 contains the number of electron terms, the number of electron levels and
the statistical weight of atoms with non-completed electron shells. Here the statistical
weight g, i.e. the total number of electron states, for a non-completed electron shell
contained k shells with the angular momentum / is equal

9="Cip, (3.22)

This is a number of ways to distribute the electrons over states. We call the number of
electron terms in Table 3.13 as the number of degenerate states in neglecting the spin-
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orbit interaction, and the number of levels takes into account fine splitting of levels.
For example, if a non-completed electron shell contains one d-electrons, one level
corresponds to the electron term 2D, and there are two electron terms with accounting
for the fine splitting, namely, D5, and 2Ds . For definiteness, Table 3.14 contains
the number of electron states and represent electron terms for atoms with valence
d-electrons in neglecting the spin-orbit interaction in the case of non-completed
d-electron shells. In particular, electron shells d> and d® which relate to the seventh
line of Table 3.13, are characterized by 9 electron terms, namely, 1Sy, 3Py, 3Py, 3P,
ID,, 3 F,, 3F5, 3F4, 'G4. A number of states in this case is the sum of momentum
projections, thatis 1 +1+3+5+5+ 547+ 9 + 9 in this case for indicated
electron terms.

The parentage scheme is simple for valence s and p-electrons, and the values of
fractional parentage coefficients are represented in Table 3.12 for these cases. In the
case of d and f valence electrons, removal of one electron can lead to different states
of an atomic rest at identical values of the atom angular momentum and spin. To
distinguish these states, one more quantum number v, the seniority, is introduced.

The ground atom state for a given electron shell follows from the empiric Hund
law [58, 59] according to which the maximum atom spin corresponds to the ground
electron state, and the total atom momentum is minimal if the shell is filled below
one half and is maximal from possible ones if the electron shells is filled more than
by half. For example, the nitrogen atom with the electron shell p* has three electron
terms, *S,? D,? P and the electron term *S corresponds to its ground state. The ground
state of the aluminium atom with the electron shell p is characterized by the total
momentum 1/2 (the state Zp, ,2), and the ground state of the chlorine atom with
the electron shell p° is 2P3 /2 (the total momentum is 3/2). One can convince in the
validity of the Hund law for the ground atom state for atoms with filling electron
p—shell on the basis of data of Tables 3.13, 3.14 and 3.15. The ground states of atoms
with d and f filling electron shells are given in Tables3.15 and 3.16.

Note that the parentage scheme holds true for light atoms both for the ground and
lower excited atom states, and it is violated for heavy atoms both due to an increase
of the role of relativistic effects and because of overlapping of electron shells with
different nl (Fig.3.14).

In construction of electron shells we were based on the LS-scheme of electron
momentum summation. Along with this, jj-scheme of electron momentum summa-
tion is possible. In particular, taking an atom to be composed from an atomic rest with
the angular momentum 1 and spin s and from a valence or excited electron with the
angular momentum l, and spin s,, one can realize the summation of these momenta
into the total atom momentum in these schemes

1+, =L, s+s. =8, S+ L =J (LS-coupling)
l+s=j, L+s.=j. j+ij.=J (jj-coupling)

A certain hierarchy of interaction corresponds to each scheme of momentum
summation, and we will follow this connection. Let us represent the Hamiltonian of
interacting electron and atomic rest in the form
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H = Hepp + H, — al§ — b, + cl,8, (3.23)

The terms I:IC,,,E and Ifle in this sum accounts for the electron kinetic energy and
electrostatic interaction for an atomic rest and valence electron correspondingly, the
forth term describes an exchange interaction of a valence electron and atomic rest,
and third and fifth terms are responsible for spin-orbit interaction for an atomic rest
and valence electron. It is of importance that this Hamiltonian commutes with the
total atom momentum [60] o .

J=14+8+L+5, (3.24)

This means that the total atom momentum is the quantum atom number for both
schemes of momentum summation at any relation between exchange and spin-orbit
interactions. Next, the LS coupling scheme is valid in the limit of a weak spin-
orbit interaction, whereas the jj coupling scheme corresponds to a weak exchange
interaction. The LS-coupling scheme considered above is valid for light atoms, where
relativistic interactions are small, and the jj coupling scheme may be used as a model
for heavy atoms. Nevertheless, it is used often for notations of electron terms of
heavy atoms, and Table3.17 contains electron terms of atoms with filling p shells
for both coupling schemes. Notations for jj coupling scheme are such that the total
momentum of an individual electron is indicated in square parentheses and the total
number of such electrons is given as a right superscript.

Thus, roughly in accordance with the hierarchy of interaction inside the atom we
have two basic types of momentum coupling. If the electrostatic interaction exceeds
a typical relativistic interaction, we have the LS-type of momentum summation, in
another case we obtain the jj type of momentum coupling. Really, the electrostatic
interaction V,; inside the atom corresponds to splitting of atom levels of the same
electron shell, while the relativistic interaction may be characterized by the fine
splitting § of atom levels.

The specific case relates to atoms of inert gases, and Fig.3.12 gives the lowest
group of excites states of the argon atom, and one can demonstrate on this example
the ways of classifications of these states. The structure of the electron shell for these
states is 3p°4s, and along with notations of the LS coupling scheme the notations of
the jj coupling scheme are used. In the last case the total momentum of the atomic
core is given inside square parentheses, and the total atom momentum is given as a
right subscript. In addition, the Pashen notations are used for lowest excited states
of inert gas atoms. Then the electron terms of the lowest group of excited states
are denoted as lss, ls4, ls3, lsp, and the subscript decreases with an increase of
excitation.

We also consider the lowest excited states of inert gases which are given in
Figs.3.15, 3.16, 3.17 and 3.18 with Pashen notations for the next group of excited
states with the electron shell np>(n + 1)p (n is the principal quantum number of
electron of the valence shell) are from 2p;( up 2p; as the excitation energy increases.
In notations of the jj scheme of momentum coupling, the state of an excited electron
is given before the core state.
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3.3 Lowest Excited States of Inert Gas Atoms

As an example, we consider the lowest excited states of inert gas atoms with the
electron shell np® (n + 1)s. Because the momentum of a valence electron is zero, one
can represent the interaction operator

AH = —al§ — bss,, (3.25)

where lis the operator of the core orbital momentum, s is the operator of core spin, and
S, is the operator of the valence electron spin momentum. The first term corresponds
to spin-orbit interaction, and the second term describes exchange interaction between
a core and valence electron due to symmetry of the wave function. In the case b > a,
the LS-coupling scheme holds true, while in the case a > b the jj-coupling scheme
is valid. It is considered a general case where the above interactions are compared.

In this scheme, where we account for only spin-orbit and exchange interactions,
positions of energy levels on the basis of the Schrddinger equation

AHVY = W (3.26)

Counting out the level positions from the lowest level of this group, i.e. taking
es = 0, one can find for the other three levels [61]

3 1 1 3
€r4=-a+ zb + —9a% — 4ab + 4b?%, &5 = Ea (3.27)

4 4

One can use these expressions for comparison with real positions [8, 15, 62] of
the corresponding levels. This allows us to determine the values of parameters of this
scheme (3.25) and also to estimate its accuracy. Indeed, (3.27) give three relations for
determination of parameters a@ and b. In addition, the parameter a follows from the
fine splitting of ion levels Ay which coincides with the excitation energy 3 —e5 of the
state 1s3. Comparison of these values is given in Table 3.18, and if they coincide, the
parameter § = (€3 — €5)/Ay is equal to one. Next, one can determine the parameter
b from (3.27)

b=¢er)+e4—e3—¢5 (3.28)

One can see that if the scheme (3.25) is valid, the quantities e, — ¢4, C =
V9a%/4 —ab + b* and D = \/A]% — 2Arb/3 + b? are identical. The ratios of these

values are given in Table 3.18.

Note that LS-coupling scheme is valid in the case b > a, and the jj-coupling of
momenta holds true under condition a >> b, and for lower excited states of inert gas
atoms an intermediate case takes place within the framework of the scheme (3.25).
In addition, this scheme is violated for heavy atoms, since, on the one hand, new
relativistic interactions are essential, and, on the other hand, the energies of excitation
of next states become comparable with the width of this energy band. In particular,
as it follows from Fig.3.18, the energy difference for states 1s, and 1ss5 is roughly
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10* cm™!, where the transition energy between 1ss and 2pq state is approximately
10? cm~!. This exhibits a strong interaction between states of different groups.

3.4 Parameters of Atoms and Ions in the Form
of Periodical Tables

It is convenient to give information for atoms or atomic system of various elements
in the form of periodical tables. This allows one, on the one hand, to insert large
information in a simple scheme, and, on the other hand, to have a simple scheme in
order to read this information. The above analysis of the hydrogen and helium atoms
allows one to ascertain the character of influence of interaction between valence elec-
trons charged nuclei that includes the Coulomb and exchange interactions. Diagram
of Figs.3.19 and 3.20 give the ionization potentials for atoms and their first ions in
the ground states on the basis of the periodical table of elements together with con-
struction of the electron shell and the electron term for the ground atom state within
the framework of the LS-scheme of momentum coupling. Because of the period-
ical character of the electron shell structure, we obtain the periodical dependence
for atom parameters [63, 64]. Figure 3.21 contains values of the electron affinity of
atoms, i.e. the binding energy of a valence electron in the negative ion. Because of a
short-range interaction for a valence electron and an atomic core, in contrast to atoms,
a number of bound states for a negative ion is finite (it is often one or zero). The
binding energies of excited states of negative ions are also represented in diagram of
Fig.3.21 in the cases when they exist (in particular, for elements of the fourth group).
Diagram of Fig.3.22 gives parameters of lower excited states of atoms on the basis
of the periodical table, and the splitting energies for lower atom states are contained
in diagram of Fig.3.23.

On the basis of the above analysis one can understand the atom construction. An
atom is a system of electrons located in the Coulomb field of a charged nucleus
with accounting for the Pauli exclusion principle. In the first approach, electrons
are distributed in the nucleus field over electron shells. The exchange interaction of
electrons that is determined by the symmetry of the electron wave function and the
spin-orbit interaction becomes significantly in the second approach. As a result along
the electron distribution over electron shells, quantum numbers of valence electrons
are JMj, i.e. the total electron moment and its projection onto a given direction. This
holds true for a not heavy atoms until other relativistic interactions, except spin-orbit
interaction, become essential. For light atoms their quantum numbers are also LS,
i.e. the orbital atom momentum and its spin. Note also that because the total number
of electron states is determined by valence electrons on a non-completed electron
shell, notations within the framework of the LS scheme of momentum summation
are suitable in the case where this scheme does not hold true.
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Fig. 3.2 Lowest excited states of the helium atom. The excitation energy for a given state is
expressed in eV, the wavelengths A\ and radiative lifetimes 7 are indicated for a corresponding

radiative transition
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Fig. 3.4 Distribution of valence p-electrons over p? electron shell. o is the spin projection of a
given electron onto a given axis, and m is the orbital momentum projection of this electron onto
the axis. Two electrons are distributed over possible states in accordance with the Pauli exclusion
principle
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Fig. 3.5 Distribution of valence p-electrons over p> electron shell; o is the spin projection of a
given electron onto a given axis, and m is the orbital momentum projection of this electron onto
the axis. Three electrons are distributed over possible states in accordance with the Pauli exclusion
principle

Fig. 3.6 The lowest excited states of the carbon atom. Energies of excitation for corresponding
states are indicated inside rectangle boxes with accounting for their fine structure and are expressed
in cm~!, wavelengths of radiative transitions are given inside arrows and are expressed in A, the
radiative lifetimes of states are placed in triangle boxes and are expressed in s, and 17 means 1 - 107



3 Physics of Atoms and Ions

38

Fig. 3.7 The lowest excited states of the nitrogen atom. Energies of excitation for corresponding
states are indicated inside rectangle boxes with accounting for their fine structure and are expressed
, wavelengths of radiative transitions are given inside arrows and are expressed in A, the

incm™!
radiative lifetimes of states are placed in triangle boxes and are expressed in s, 1° means 1 - 10°

T3768.2

Fig. 3.8 The lowest excited states of the oxygen atom. Notations are similar to those of Fig.3.7,
the oscillator strength of a radiative transition is given in parentheses near the wavelength

Sil

22316
77.12

Fig. 3.9 The lowest excited states of the silicon atom. Notations are similar to those of Figs.3.7

and 3.8
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Fig. 3.10 The lowest excited states of the phosphorus atom. Notations are similar to those of
Figs.3.7 and 3.8

Fig. 3.11 The lowest excited states of the sulfur atom. Notations are similar to those of Figs.3.7
and 3.8
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Fig. 3.12 The lowest excited states of the selenium atom. Notations are similar to those of Figs. 3.7
and 3.8
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Fig. 3.13 The lowest excited states of the tellurium atom. Notations are similar to those of Figs. 3.7

and 3.8
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Fig. 3.14 The lowest excited states of the argon atom. Excitation energies count off from the lowest
excited state and are given in cm™!, the wavelengths ) and radiative lifetimes 7 are indicated for a

corresponding radiative transition
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Fig. 3.15 The lowest excited states of the neon atom. Energies of excitation for corresponding
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corresponding states are given inside left rectangle boxes in ns, wavelengths of radiative transitions
are indicated inside arrows and are expressed in A, the rates of radiative transitions re represented
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Fig. 3.16 The lowest excited states of the argon atom. Notations are similar to those of Fig.3.15
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Fig. 3.17 The lowest excited states of the krypton atom. Notations are similar to those of Fig.3.15
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Fig.3.18 The lowest excited states of the xenon atom. The notations are similar to those of Fig. 3.15.
Three types of notations are used, namely, Pashen notations (left), notations for LS-coupling (right

with respect to values), and notations for jj- coupling (right)
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Fig.3.20 Ground states and ionization potentials of atoms and ions of lanthanides and transuranides
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Fig. 3.21 Electron affinity of atoms



3.4 Parameters of Atoms and Ions in the Form of Periodical Tables

49

affini

ties

VIII

25 28
12 I
absent 2I €
VI VII Helium
2p5 2P, , o 2p%1s, g 2p°3528 1
1.46111 8 3.40119 9 absent  10°'©
Oxygen Fluorine Neon
52
3° By 3p®ls, Cl 3p%4s%8y,
207710 16 3.61269 17 absent 18
Sulfur Chlorine Argon
3d%4s® %555 30%s2 5D, 3d74s2 4, 3a%42 3, 3d%s? 2D,
Cr Mn Fe ¢ YN .
24 0.6758 | 2 absent | 26 0.151 270 0663 |ag 1.157
Chromium Manganese Iran Cobalt Nickel
4p° 2Py, ” s, B 4p%ss7S
r r
2.02067 34 336359 37 absent 36
Selenium Bromine Krypton
4d%ss® %5 4d%s? 5D, 4a7ss2 9, 4d%ss? %F, 40155 %5, 5 0.5621
Mo rim sl 06 | 4BU 10464 [4sRD 1.1429 46Pd 4d%ss*?p_,
Molibdenum Techneti Rutheni Rhodium Palladium 0.4224
2.
5p% 2Py, Te spls, 5p%s2S 1
97087
197087 527 | 305004 s3l| apsent  s4N©
Tellurium Todine Xenon
50%s2 %555 5d%s2 5D, sd76s> g, , 5d56s2 3, 5d%s” *D, ,
74 0815 | -sRe 02 |7608 10778 | Ir 1seas 7sPt 2.1251
Tungsten Rhenium Osmium Iridium Platinum
6p° ZP&,2 P 6;]6 130 spﬂ'a's 25 12
0
1.9 84 2.8 ssAt absent 86
Polonium Astatine Radon
Fig. 3.21 (continued)



50 3 Physics of Atoms and Ions

Group I I g
Peri
Period Lowest excited
15°8,, ; 2578, 19.820 152
mel 10,199 1g
H w=3 12088 2:! Sp 20616 g H
] 1 n=d 12479 !r’P. 20964 III IV V
Hydrogen 2¢'p, 2118 Helium
&
55 Lt em 25 23"0 WS 4p s 2P| glp, 126 2p* | 27D, 238 2
2 Li o o eBe 2nsm (38, sB 3, C sg N
3578, 331 ig 235 sasy | ¥ 2p s aem 9 6 Sy 7
Lithium 0 Dy 5944 1z o = Carbon | 2° P H'Is N'
Berillium [ Boron| itrogen
3575, 7P, 2100 |3s2 g, 3 po 2709 fs”.sm 2p 3p Ipom 3p® | n,, 1409 L 3
3 |l manf arp b LRa2 AN e
w’S1z 2607 [12°V05 3%, 5108 1":.-*”11 13 s 1509 14| e 15
Sodium Magnesium P, 4085 Aluminium [ 0 silicon Phosphorus
47810 007 110 |42 Pa 1879 [3d4s2 'Fap 1439 |34%4s% o osu 303452 6, 0282
K #*h: 167 m(‘a 'P, 1511 215‘: :Fsa: ZZT Py 0500 23\)”‘F 4Dy 1043
9 s e |20 s, ln 2709 2Dy, [ 3F, "n Lods 32 4R, 1195
4 Potassi £ ids-4p) = 105 (,alshun Scandium Uv2 Tilal\lum 1430 Vanadium
7 3 T 3
x?:: :jf: 3104578 o By 4006 g 452 2:1& 3073 21:1”_, ap I':: 3:; 3p 4p7 | *p, 1313 43&2 4
2 f 1 Sq 2 3
2 Cu | 'p, 57 In| = 3 Ip 2258
Fip 376 20 .'Isl PP Dy, 4312 31 Ga g 4643 32Ge 1z 33}\3
By, 3817 Copper | Zine Gallium | '"1 4362 G 6385 Arsenic
32 Pp!
5s 160 |58% *py 1775 [4d5s? Z.D""’ o066 [44252 *F, 0071 4dtss *Fi -
Rb 5! Pm 1.589 Jssll' iDI 2251 39Y TR PAV/ (R A STA ., D1z ;
2512 4 2Dy; 2400 Sy ]": - 2Dy “Fan 135 3, %, os1v |41t b e, e
5 Rubidium Strontium P, 2650 | Vitrium Firconium Niobium
R 3664 4% [ 3p; 3734 562 |25 3001 2p 5P |'es loss sp° 5p°
B = ip 2 4 W
o 1 1 1 % Loss S
sz 3750 ”Ag B ST 180 calap  sses In ) 1.1 *Snl Dy 32 Gh
By AT g | dspesm gt e 435 50 | R, 208
Dy 4304 siver] 'S0 5519 Caami Dy, 407 l.lld.lum 1p, 4867 Tin Antimony
b5 sr?p 1386 |65 *p, L120 5d6522 iD,,, 0031 | sd%6s2  Pr, osss | sa¥st S s
Cs 6riPay Lass 56Ba *py 1521 Dy 'Fin 0331 Hf S n: 0.699 4f,,, "
S S4%gn 1798 lso 'p. 1139 57L§l F!r‘ gﬁ: 1306 73T£I. 'Pw 0620
6 Cesium Barium P Hafhi Tantal il
g, 1136 'l |63p, 4667 gql02 06 p 0366 6p *r 08 < 60| 2. 1416 i 6p°
32 2658 79 AU gp, ssw 1501{ 25,5320 R J1 s Lum Pon e Sp
i’la: 4632 5. |67F; 5461 73"1& 4235 8L " |h, 2660 52 = A Bi
*rys 5005 Gold| 617, 6704 Merrun 7 P"'.'? 4359 Thallium| ‘5 365 Lead | Y1z *™  Bismuth

Fig. 3.22 Lowest excited states of atoms
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Fig. 3.23 Splitting of lowest atom levels
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Tables

Table 3.1 The angle electron wave function in the hydrogen atom for small electron momenta [
[44-46]

1 m Yim(0, )

0 0 e

1 0 \/E cosf

1 +1 i\/g - sin - exp(Eiy)

2 0 \/g(gcoee_@

2 +1 + ;—i -sin@ - cos 0 - exp(Fip)

2 +2 %\/g - sin? 6 - exp(£2iy)

3 0 4l7r‘(5cos30—3cos0)

3 +1 +1 \/> sin® - (5cos2 6 — 1) exp(Lip)

3 +2 }1 105 - sin? 0 cos 0 - exp(£2i¢)

3 +3 i%@ - sin3 6 - exp(d3i)

4 0 \/E (385cos 6‘——c0520+ )

4 +1 +3 \/7 sin@ - (7cos> 0 — 3 cos ) - exp(Lip)
4 +2 iS\/> sin2 6 - (7cos2 6 — 1) - exp(£2ig)
4 +3 i3f sin® 0 - cos 0 - exp(3i¢)

4 +4 % % -sin* 0 - exp(4iy)
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Table 3.2 Electron radial wave functions R,; for the hydrogen atom [44—46]

State Ry
1s 2exp(—r)
2s Lz (1—%)exp(=r/2)
2p \/szr exp(—r/2)
2
3s 7 (1 T 2247) exp(—r/3)
3p % % . r(l — g) exp(—r/3)
4 2
3d TN exp(z—r/32
4s le (1 - % + 5 - 1’9—2) exp(—r/4)
4p %\/? r. (1 —ry g) exp(—r/4)
1
4d a7 1t (1— ) exp(—r/4)
af L_ ./ exp(—r/4)

768+/35

Table 3.3 Formulas for average values (r"*) given in atomic units, where r is the electron distance
from the Coulomb center [45]

Value

Formula

(r)
2

T Bn? =10+ 1)

r

[5n* +1 =311+ 1)]

[35n%(m® — 1) — 3021 +2)(1 — 1) + 3 +2)( + DII — 1)]

7

)
A)
)

-[63n* — 3502 (212 + 21 — 3) + 511 + 1)(31* + 31 — 10) + 12]

1

:I oo 3 loo] 3ol 3

2

(> +1/2)1!

3

BA+D-A+1/2)-007!

4

{
{
{
(')
(r2)
(=)
()

Bn? — 1+ D120 - (1 +3/2) - A+ 1) - A +1/2) - 1- (1 — 1/2)]7!

Table 3.4 Average values (r"") for lowest states of the hydrogen atom expressed in atomic units

[45]

Sate | () () (7)) () ) ) {r)

1s 15 3 75 22.5 1 2 - -

2s 6 42 330 2880 025 025 - -

2p 5 30 210 1680 025  0.0833 | 0.0417 0.0417
3s 135|207 3442 | 6.136:10* [0.111 |0.0741 | — -

3p 12.5 180 2835 | 4.420-10* [0.111 |0.0247 | 0.0123 0.0137
3d 10.5 126 1701 | 2.552-10*|0.111 |0.0148 | 0.0247 5.49 1073
4s 24 648 18720 | 5.702-10° | 0.0625 | 0.0312 | — -

4p 23 600 16800 | 4.973-10° | 0.0625 | 0.0104 | 5.21-1073 | 5.49.10~*
4d 21 504 13100 | 3.629 -10° | 0.0625 | 0.00625| 1.04 -10~3 | 2.60-10~*
af 18 360 7920 1.901 -10% [ 0.0625 |0.00446| 3.72-10~* | 3.7-107°
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Table 3.5 Quantum defect for atoms of alkali metals [50, 51]

3 Physics of Atoms and Ions

Atom Li Na K Rb Cs

s 0.399 1.347 2.178 3.135 4.057
Op 0.053 0.854 1.712 2.65 3.58
Od 0.002 0.0145 0.267 1.34 2.47
of - 0.0016 0.010 0.0164 0.033

Table 3.6 Dependence of interactions of heliumlike ions on the nuclear charge Z

Parameter Z-dependence
Ionization potential z?

Potential of exchange interaction V4

Spin-orbit interaction z*

Rate of one-photon radiative transition z*

Rate of two-photon radiative transition 78

Table 3.7 Parameters of the lowest states for atoms of the third group of the periodic system of
elements with one p-valence electron

Atom B Al Ga In Tl
Ground shell 2p 3p 4p 5p 6p
Excited shell 3s 4s Ss 6s 7s

Eex, eV 4.96 3.14 3.07 3.02 3.28
Ae(CPijy =2 P3p),em™! 152 112 896 2213 7793
Zop 2.5 4.2 7.0 8.8 12
A(2P1/2 — S1/2), nm 249.68 394.40 403.30 410.18 377.57
7(381/2), ns 3.6 6.8 6.2 7.4 7.6

Table 3.8 Energetic parameters of the lowest states for atoms of the fourth group of the periodic
system of elements

Atom C Si Ge Sn Pb
Shell 2p? 3p? 4p? 5p? 6p*
cex(!D), eV 1.26 0.78 0.88 1.07 2.66
eex(1S), eV 2.68 1.91 2.03 2.13 3.65
cex(CP1),cm™! | 16.4 77.1 557 1692 7819
cex(CP2),cm™! 434 223 1410 3428 10650
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Table 3.9 Energetic parameters of the lowest states for atoms of the fifth group of the periodic

system of elements

Atom N P As Sb Bi
Shell 2p3 3p3 4p3 5p3 6p°
ex(CDs)2), eV 2.38 1.41 1.31 1.06 1.42
cexCP1p2), eV 3.58 232 225 2.03 2.68
Ae(CDspy =2 D3p),em™! | 8.7 15.6 322 1342 4019
Ae(CPijy =2 P3p),em™! 039 253 461 2069 10927

Table 3.10 Energetic parameters of the lowest states for atoms of the sixth group of the periodic

system of elements

Atom (6] S Se Te
Shell 2p* 3pt 4p* 5pt
cex(ID), eV 1.97 1.14 1.19 1.31
cex(1S), eV 4.19 275 278 2.88
eex(CP1),cm™! | 158 396 1990 4751
eexCPy), cm™ | 227 574 2534 4706
Table 3.11 Energetic parameters for halogen atoms
Atom F Cl Br 1
Shell 2p° 3p° 4pd 5p°
J,eV 17.42 12.97 11.81 10.45
Lowest excited term 2p43s,4 Ps)» 3p44s,4 Ps» 4p45s,4 Ps» 517465,4 Ps;»
cex(*Ps2), eV 12.70 8.92 7.86 6.77
Ae(CP3;p =% Pijp),em™! | 404 881 3685 7603
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Table 3.12 Fractional parentage coefficients for electrons of s and p shells [8, 57]

Atom Atomic rest Gﬁ,ss, Atom Atomic rest Gﬁ,SS,
sCS) ) 1 pCP) p2('S) V273
s(18) s(%S) 1 p*CP) p(tS) -1/v3
pCP) ) 1 p’CD) V3/12
pP*CP) pCP) 1 pépP) -1/2
p*('D) p(P) 1 p*('D) pP(tS) 0
p*('S) pCP) 1 p*(D) V374
pS) p*Cp) 1 p’(CP) —1/2
pP*('D) 0 pH's) pes) 0
p*('S) 0 p*(D) 0
p*CD) p*CP) 1/v2 p’CP) 1
p*('D) —1/v2 P’ CP) p'CP) V3/5
p2('s) 0 p*('D) 1/4/3
p*CP) p*CP) —1/v2 (s 1//15
p*('D) —+/5/18 po(s) p°CP) 1
Table 3.13 States of atoms with non-filled electron shells
Shell configuration Number of levels Number of terms Statistical weight
s 1 1 2
5% 1 1 1
»np 1 2 6
P, pt 3 5 15
P’ 3 5 20
d,d° 1 2 10
d?, d® 5 9 45
d3,d’ 8 19 120
d*, db 18 40 210
&’ 16 37 252
f.r83 1 2 14
f2 e 7 13 91
3. ru 17 41 364
frio 47 107 1001
3.0 73 197 2002
ro.r8 119 289 3003
f7 119 327 3432
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Table 3.14 Electron terms of atoms with filling electron shells d” [19]

n Electron terms Number of states | Number of
electron terms
0,10 Is 1 1
1,9 2D 10 2
2,8 Is3P'D3F,'G 45 9
3,7 2pAP D), FAF2G*H 120 19
4,6 152),3P4),' D(2),>D,> D,
IF3F,'G2),3G*H, I 210 40
5 28082P4P2D3),2F(2),
F2G2),*G2Hz2J 252 37

Table 3.15 The ground states for atoms with filling d-shell [19]

Electron shell| Term of the ground state | Atoms with this electron shell

d D3 Sc(3d), Y (4d), La(5d), Lu(5d), Ac(6d), Lr(6d)
d? 3F, Ti(3d?%), Zr(4d?), Hf (5d%), Th(6d?)

d3 4F3 V(3d3), Ta(5d3)

d* 5Dy W (5d*)

a3 655/ Mn(3d®), Te(4d), Re(5d°)

d° SDy Fe(3d®), 0s(5d°)

d’ 4Fon Co(3d7), Ir(5d™)

dt 3Fy Ni(3d3)

4° 2 Ds) _

Table 3.16 The ground state of atoms with a filling f-shell [19]

Electron shell Term of the ground state Atoms with this electron shell
f 2Fs) -

f2 3H4 _

r? oy Pr(4f)

f* Ly Nd(4f*)

3 OHs,, Pm(4f3)

re "Fo Sm(4f%), Pu(5/°)
f7 8872 Eu(4r7), Am(5f7)
f8 7F6 _

f° SHys) Tb(4f?), Bk(5f?)
rr Iy Dy(4f'%), Cf(51°)
M is) Ho@f!'"), Es(5f'")
f12 3H6 Er(4f12),Fm(5f]2)
e 2Fsp Tm(4f %), Md(5f%)
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Table 3.17 Electron terms for filling of electron shells with valence p-electrons

LS-scheme LS-term J Jj-scheme J
P 2p 12 [1/21t 172
2p 3R [3/21! 3R
p? 3p 0 [1/2)? 0
3p 1 [1/21'13/21! 1
3p 2 [1/21'13/21! 2
D 2 [3/2)? 2
s 0 [3/2)? 0
P 45 312 [1/212[3/21! 3R
’p 32 [1/21'[3/21% 312
’D 512 [1/21'13/21% 5/2
2p 172 [1/21'13/21% 172
2p 312 [3/21° 3R
r! ’p 2 [1/21'13/2° 2
3p 0 [1/212[3/21% 0
3p 1 [1/212'[3/2)? 1
'p 2 [1/21'13/27° 2
s 0 [3/21* 0
P zp 3R [1/217[3/27 32
2p 12 [1/21'13/21* 172
P 's 0 [1/21713/21* 0

Table 3.18 Lower excited states of atoms of inert gases and parameters of the scheme (3.25)

Atom | Ay, em~ ! ez — (e3 — b, em™! a/b (g9 — (g2 —
es, em™! | es)/Af €4)/C €4)/D
Ne 780.3 776.8 0.996 1482 0.35 1.00 1.00
Ar 1432.0 1410 0.985 1453 0.66 0.99 1.00
Kr 5370.1 5214 0.972 1594 2.24 0.97 1.00
Xe 10537 9129 0.866 1966 3.57 1.13 1.05




Chapter 4 ®)
Rates of Radiative Transitions R
and Atomic Spectra

Abstract The strongest radiative transitions due to dipole interaction are consid-
ered. Selection rules are analyzed for atoms. As an example, radiative transitions are
represented with participation of lowest excited states of inert gas atoms. Broaden-
ing of spectral lines may be resulted from various mechanisms including Doppler
broadening, Lorenz broadening, and also quasistatic shift and broadening of spectral
lines. Parameters of atom radiation and absorption are defined and analyzed.

4.1 Dipole Radiation of Atomic Particles

Radiative transitions between states of atomic particles result from interaction of an
electromagnetic wave and atomic particle. The strongest radiative transitions proceed
due to dipole interaction of these systems, and the operator of this interaction has the
form

V = —ED, 4.1)

where E is the electric field strength of radiation electromagnetic field, and D is the
dipole moment operator for an atomic particles. Let us consider first the radiative
transition process between discrete states o and f of an atomic particle A which
proceeds according to the scheme

A, +hw — A, 4.2)
The energy conservation law is fulfilled for radiative processes
€0 + hw = €4, 4.3)

where ¢, and ¢, are the energies of the initial and final states of an atomic particle,
hw is the energy of an absorbed photon.
The probability of the dipole radiative transition per unit time is equal
[56, 57, 65]
3
~ 3hc?
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where n,, is anumber of photons of a given frequency, g, is the statistical weight of the
final state of an atomic particle, and this expression is averaged over polarizations
of an electromagnetic wave. From this it follows the expression for the radiative
lifetime 7, for a state of an atomic particle with respect to radiative transition into
a state o

1 403

P {0 IDI%)[* g (4.5)

Table4.1 contains the conversional factors in formulas for photon parameters and
radiative lifetime for radiative dipole transitions.

Explanation to Table4.1.

1. The photon energy € = fw, where w is the photon frequency.

2. The photon frequency is w = €/h.

3. The photon frequency is w = 2mwc/A, where A is the wavelength, ¢ is the light
speed.

4. The photon energy is € = 27hc/A.

5. The oscillator strength for a radiative transition from the lower o to the upper
x state of an atomic particle that is averaged over lower states o and is summed over
upper states * is equal to

2mw 2mw

Sz [0IDI0 g = == d’g, (4.6)

fo*

where d = (o|D|x) is the matrix element for the dipole moment operator of an atomic
particle taken between transition states. Here m,, h are atomic parameters, g, is the
statistical weight of the upper state, w = (e, — €,)/h is the transition frequency,
where ¢,, €, are the energies of transition states.

6. The oscillator strength for radiative transition is [21, 45]

£ = dmem, , @7
77 3he?\ ’
Here ) is the transition wavelength; other notations are the same as above.
7. The rate of the radiative transition is [56, 57, 65]
1 403
— =B, = d? 4.8
- w0 = 7334 9o (4.8)
Here B is the Einstein coefficient; other notations are as above.
8. The rate of radiative transition is given by
1 3273
— =By, = dzgu (49)

Two T 3RN\3
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Here ) is the wavelength of this transition; other notations are the same as above.
9. The rate of radiative transition is

1 2w2elq,
1 _ ey Loy, (4.10)

Teo m.c3g,
10. The rate of radiative transition is

1 872,

L _ 8% 411
Two hg*)\ch “.11)

4.2 Selection Rules for Radiative Transitions
in Atomic Particles

The strongest radiative transitions between discrete atom states in a non-relativistic
case connects atom states with a nonzero matrix elements of the dipole moment
operator. This follows from the above formulas for the oscillator strength of radiative
transitions and leads to certain selection rules for the radiative transitions. For tran-
sitions between hydrogen atom states when one electron is located in the Coulomb
field of a charged center these selection rules have the form [21, 45]

Al ==+1, Am =0, £1 4.12)

Table 4.2 contains parameters of radiative transitions for the hydrogen atom.

Lower excited states with the possibility of dipole radiative transitions in the
ground atom state are called the resonantly excited states. Positions of levels and
parameters of radiative transitions to the ground atom states are contained in the
periodical table of Fig.4.1. Radiative transitions between states with zero matrix
element of the dipole moment operator between these states are weaker than those
for dipole radiation transitions, and such transitions are named as forbidden radiative
transitions. As the transition energy increases, the difference in radiative transitions
for resonant and forbidden transitions decreases. This is demonstrated by data of
Table 4.3 where the times of identical radiative transitions are compared for helium-
like ions.

The development of physics of atoms and molecules in a most degree is connected
with spectroscopy of atoms and molecules because of a high resolution of spectral
lines together with other measurements which give detailed information about atoms
and molecules (for example, [66—70]. This information includes also radiative prop-
erties of atoms in various states.which consists in positions of atomic levels and
parameters of radiative transitions. The Grotrian diagram is a convenient method
of representation of this information. Alongside with indicated information, these
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diagrams draw atomic states and their quantum numbers. The Grotrian diagrams are
contained in some books (for example, [8, 15-18, 71-75]. These diagrams are most
obvious for atoms and ions with simple electron shells. We give below the Grotrian
diagrams for atoms with the electron shells s, s2, and with the electron shell p* for
light atoms. These diagrams are taken from [8] and are given in Figs.3.1, 3.3, 4.2,
4.3,4.4,45,4.6,4.7,438,4.9,4.10, 4.11, 4.12, 4.13, 4.14, 4.15, 4.16, 4.17, 4.18,
4.19,4.20,4.21,4.22,4.23,4.24,4.25,4.26 and 4.27. In addition, Figs. 3.6, 3.7, 3.8,
3.9,3.10,3.11,3.12,3.13,3.15, 3.16, 3.17 and 3.18 contain positions of lowest levels
of some atoms and parameters of radiative transitions between them [19]. The most
information for the rates of radiative transitions between atom states is collected
by NIST information center [77-81]. In addition, we use notations of LS and jj
coupling schemes for excited states of gas atoms with valence p-electrons given in
Table 3.10. Along with this, Pashen notations are added in Fig. 3.14 for excited inert
gas atoms, as well as it is given in Figs.3.15, 3.16, 3.17 and 3.18.

Excitation energies of the lowest excited atomic states are given in Fig.3.22 and
together with parameters of radiative dipole transitions from resonantly excited states
into the ground atomic state. Energetic and radiative parameters of these states
are represented in Fig.4.1. On contrary, lower atomic states with a large lifetime
are named as metastable states. The latter means that dipole radiative transitions
from these states in lower ones are forbidden. In excited gases or plasmas the
lifetime of metastable atoms is determined by collision processes, and they may
be gathered in these systems up to more high densities than resonantly excited ones,.
Therefore metastable states can influence on properties of such systems and pro-
cesses in them. In addition to Fig.3.22, Table4.4 contains parameters of metastable
atoms.

4.3 Radiation of Lowest Excited States of Inert Gas Atoms

We consider in Sect.3.4 excited states of inert gas atoms with the electron shell
np’(n + 1)s, and now will be analyzed the correlation between resonantly excited
states within the framework of the scheme (3.23). In the case of validity of LS-
coupling scheme only the state ! P; is the resonantly excited one, but in the real case
depending on relation between parameters a (spin-orbit interaction) and b (exchange
interaction) states 3 P and ® P are mixed, and then the radiation processes take place
from both these states. The wave functions W, and Wy of these states are expressed
through nonperturbed wave functions ®, and @4 in the following manner

Wy =@y 4+ 4Py, Wy = —c4Py + 2Py, (4.13)
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where the amplitude are given by

, T+ xlEx 1 (1 3b) 14

C = , X = -
A W s 232 Ay

Correspondingly, the ratio of radiative lifetimes 7(1s, and 7(ls4) of these states

are [61]
T(lSZ) _ é _ m_ |X| (4 15)

T(s) ¢ T2+ ]

Table4.5 contains the radiative lifetimes for resonantly excited states of inert gas
atoms and their ratio according to the model (3.23) under consideration [61]. Com-
parison of these values with measured ones [8, 77-80] exhibits the accuracy of this
model that is estimated as ~20%. This analysis shows also that the accuracy of ener-
getic parameters of excited states is better than those for radiative atomic parameters.

Thus, the analysis of energetic levels for the lowest excited shell of inert gas
atoms and their radiative parameters demonstrates general positions of the atom
shell model. This model, along with the interaction of electrons with the Coulomb
center and Coulomb interaction between electrons, includes also exchange interac-
tion between electrons due to the Pauli exclusion principle and spin-orbit interaction
for valence electrons. In the limiting cases, depending on the ratio between two last
interactions, the LS or jj coupling schemes of momenta are realized. The shell atom
model neglects the correlation between electrons which occurs due to violation of
the one-electron approach. The correlation between electrons is not significant for
energetic atomic parameters, but it is more essential for radiative atomic parameters,
and becomes of importance for two-electron and many-electron transitions in atomic
particles.

4.4 Absorption Parameters and Broadening
of Spectral Lines

The character of absorption and emission of photons in a gas or plasma depends on
properties of this system. We consider these processes when they are determined by
transition between atom discrete states. Then absorption and emission of resonant
photons which energy is nearby to the difference of atom state energies, is determined
by broadening of spectral lines [57, 82], i.e. broadening of energies of atom states
which partake in the radiative process. Let us introduce the distribution function a,,
over frequencies of emitting photons, so that a,,dw is the probability that the photon
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frequency ranges from w up to w + dw. As the probability, the frequency distribution
function of photons is normalized as

/awdw =1 4.16)

Because of spectral lines are narrow, the distribution function of photons in scales
of frequencies of emitting photons is given by

a, =0(w—w,), 4.17)

where w, is the frequency of an emitting photon. Hence, the rate and times of spon-
taneous radiative transitions are independent of the width and shape of a spectral
line, i.e. of the photon distribution function a,. But it is not so when photons are
generated or absorbed as a result of interaction between the radiation field and atoms.
There are such transitions of two types, absorption of photons and induced emission
of photons. The first process is described by the scheme

hw+ A — A*, (4.18)
and the process of induced emission is
nhw+ A* - (n+ Diw + A, (4.19)

where A, A* denote an atom in he lower and upper states of transition, fw is the
photon, and # is a number of identical incident photons. The absorption cross section
oaps as a result of transition between two atom states is given by [57, 65]

2.2 2.2
e mc a,
Oups = - Aa, = I Le (4.20)
w w? g, T

In the same manner we have the following formula for the cross section of stimulated
photon emission o, [57, 65]

w2c? 7a, g,

Oem = _Baw = ——% — = —Oabs (421)
w? wr T gy

Here A, B are the Einstein coefficients, indices o and * correspond to the lower
and upper atom states, g,, g. are the statistical weighs of these atom states, 7 is the
radiative lifetime of the upper atom state with respect to transition to the lower atom
state.
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The absorption coefficient k,, is

N, g,
kw = NyOabs — NuGem = NoOups (1 - _g_> (422)
No g«

where N,, N, are the number density of atoms in the lower and upper states of
transition. The absorption coefficient &k, for a weak radiation intensity 1, is defined
from the Lambert-beer law [83, 84]

dl
— = k1, , (4.23)
dx

where x is the direction of radiation propagation, and according to definition, the radi-
ation flux does not perturbed a gas where it propagates. In the case when population
of atom states is determined by the Boltzmann formula, the absorption coefficient is

equal to
hw
ky, = Nooaps | 1 — exp -7 4.24)

Thus, the character of photon absorption depends on broadening of spectral lines,
and we give below three types of broadening that are of importance for excited
gases. The basis of Doppler broadening is the Doppler effect, according to which
an emitting frequency w, at a relative velocity v, of a radiating particle toward the
receiver is conceived as a frequency

w=w, (1 + ”—) : (4.25)
C

where c is the light velocity. Hence, for radiating atomic particles with the Maxwell
distribution function on velocities the distribution function of photons a,, has the

form "
1 (mc? me(w — w,)?
L= — _ . —_—— % | 4.26
“ W, (27TT> exp[ 2Tw? :| (4.26)

where w, is the frequency for a motionless particle, m is the particle mass, T is the
gas temperature expressed in energetic units.

The Lorentz (or impact) mechanism of broadening of spectral lines results from
single collisions of a radiating atom with surrounding particles. As a result of these
collisions, the spectral line is shifted and broaden, and the distribution function a,,
of radiating photons has the Lorenz form

a,

[(w —wo + AV + (g)z} (4.27)

" 2mw

Here v = Nvo,, where N is the number density of perturbed particles, o; is the total
cross section of collision of a radiating and surrounding particles for an upper state
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of a radiating particle under assumption that collision in the lower particle state is
not important. Next, Av = Nvo*, and if the cross section is determined by a large
number of collision momenta, we have o; 3> o* and one can ignore the spectral line
shift. Next, in the classical case, where the main contribution to the total cross section
o, results from many collision momenta, it is given by

o, = TR?, RUR) 1, (4.28)
hv

where v is the collision velocity, U (R) is the difference of interaction potentials for

the upper and lower states of transition, and R, is the Weiskopf radius. The criterion

of validity of the Lorenz broadening (4.27) is based on the assumption that the

probability to locate for two and more surrounding particles in a region of a strong

interaction with a radiating atom is small, that has the form

NR} <1, (4.29)

Table 4.6 compares the Doppler Awp and Lorenz Aw; widths for transition between
the ground and resonantly excited states of alkali metal atoms where these widths

are given by formulas
[T 1
Awp = w, —3 Aw; = —Nvo,, (4.30)
mc 2

This Table contains also the number density Np;, of atoms at which these line widths
for indicated mechanisms of broadening are coincided.

One more mechanism of broadening of spectral lines due to interaction with
surrounding atoms takes place at large number densities of surrounding atoms and
corresponds to the quasistatic theory of broadening of spectral lines. As a mat-
ter, in this case a system of interacting atoms emits radiation instead of individual
atom, though this interaction is small [76]. One can assume surrounding atoms to be
motionless in the course of radiation, and the shift of the spectral line of a radiating
atom corresponds to a certain configuration of surrounding atoms

Av=w-w,=+Y UR . (4.31)

where R is the coordinate of k—th atom in the frame of reference where a test
radiating atom is the origin. The photon distribution function is equal for the wing
of a spectral line in the case of an uniform distribution of surrounding atoms is

__ ANTR’h

a,dw = N -47R*dR; a, = GUJdR " (4.32)
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In the case of radiative transitions between the resonantly excited and ground atom
states in a parent gas or vapor, the interaction potential depends as R—3 on a distance
R between atoms, and the total cross section is o, «~ 1/v, so that v, is independent
of the collision velocity. Hence, the absorption coefficient in the line center k, is
independent of the number density of atoms and their temperature. Table 4.7 contains
their values for transitions between the ground and lowest resonantly excited states of
atoms of alkali metal and alkali earth metal atoms. The number density N; of alkali
metal atoms given in Table4.6 corresponds to the boundary between the Lorenz
mechanism and quasistatic theory of broadening of spectral lines.
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Tables

4 Rates of Radiative Transitions and Atomic Spectra

Table 4.1 The conversional factors for radiative transition between atom states

Number | Formula Conversional factor C | Used units
1. e=Cuw C=4.1347-105 eV | wins!
C=6.6261-107*] | wins™!
2. w=Ce C=1519-10"s"1 | cineV
C =1.309-10" ¢! ein K
3. w=C/\ C=1884-100s"! | cineV
4. e=C/\ 1.2398 eV Ain pm
5. fox = Cwd?g, 1.6126 - 10717 wins~!, din D*
0.02450 Ae = hwineV ,d in D*
6. fox = Cd*ge/ ) 0.03038 Ain wm, d in D?
7. 1/Tho = Cw3d?g, 3.0316 - 1074051 w,s7 !, d, D
1.06312 - 100 s~! Ae = hwin eV, d in D?
1/Teo = Cd?go /N 2.0261 - 10° s~! Ain pm, d in D?
1/Tho = Cw? o fox/Gs 1.8799 . 1078 ! wins™!, d in D?
4.3393.107 57! Ae = hwineV; d in D?
10. 1/Tv0 = Closgo/(gxN?) 6.6703 - 107 s~! Xin pm, d in D?

4D is Debye, 1 D = ea, = 2.5418 - 10~18 CGSE

Table 4.2 Parameters of radiative transitions involving lowest states of the hydrogen atom, so that
i is the lower state, j is the upper transition state [44, 45]

f,'j Tji, NS ﬁj Tji, S
1s—2p 0.4162 1.6 3p—A4s 0.032 230
1s—3p 0.0791 54 3p—4d 0.619 36.5
1s—4p 0.0290 12.4 3p—5s 0.007 360
1s=5p 0.0139 24 3p—5d 0.139 70
2s—=3p 0.4349 5.4 3d—4p 0.011 12.4
2s—4p 0.1028 12.4 3d—-4f 1.016 73
2s—=5p 0.0419 24 3d—5p 0.0022 24
2p—3s 0.014 160 3d-5f 0.156 140
2p—3d 0.696 15.6 4s—5p 0.545 24
2p—4s 0.0031 230 4p—5s 0.053 360
2p—4d 0.122 26.5 4p—5d 0.610 70
2p—5s 0.0012 360 4d—5p 0.028 24
2p—5d 0.044 70 4d-5f 0.890 140
3s—4p 0.484 12.4 4f—-5d 0.009 70
35—5p 0.121 24 4f —5g 1.345 240
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Table 4.3 Times of radiative transitions between lowest states for heliumlike ions

Z | 1@'P > 118), s | 7(23P = 118), s | 7(2!S — 119), s | 7235 — 119), s
Lit 3 [39.10°1 5.6-107° 5.1-10~* 49
Net® |10 | 1.1.10713 1.8-10710 1.0- 1077 9.2.107°
Cat® | 20 | 6.0-1071 2.1-1071 1.2-107° 7.0-1078
Znt28 |30 | 1.3.1071° 8.1-1071 1.0-10710 1.1-107°
Zrt3¥ | 40 | 5.1071¢ 141071 2.10°1 6-10~11
Snt¥ | 50 | 2.10716 5.10716 4.10712 6-10~12
—dln |- |41 4.6 7.2 10
7/dInZ

Table 4.4 Parameters of metastable states of atoms; &, is the excitation energy of the state, A is the
wave length of radiative transition to the ground state, 7 is the radiative lifetime of the metastable

state
Atom, state Eex, eV A, nm T,S
H(22S1)2) 10.20 121.6 0.12
He(23S$1) 19.82 62.56 7900
He(2!So) 20.62 60.14 0.02
C2!'Dy) 1.26 983.7 3200
C(22'Sy) 2.68 462.4 2
N(2%Ds2) 2.38 520.03 1.4-10°
N(@22Ds)2) 2.38 519.8 6.1-10*
NQ22Pi23/2) 3.58 1040 12
0(2'Dy) 1.97 633.1 100
02'Sp) 4.19 557.7 0.76
F(2%Pi ) 0.050 24700 660
P(32D3)2) 1.41 880.0 3-10°
P(3%Ds)2) 1.41 878.6 5-10°
P(3%Pi23/2) 2.32 1360 4
S(3Dy) 1.15 1106 28
S(3'Sy) 2.75 772.4 0.5
Cl(32P12) 0.109 11100 80
Se(41 Dy) 1.19 1160 1.4
Se(4!8y) 2.78 464.0 0.1
Br(4! Py p) 0.46 2713 0.9
Te(5' D») 1.31 1180 0.28
Te(5!Sp) 2.88 474.0 0.025
1(52P1)2) 0.94 1315 0.14
Hg(6° Py) 4.67 265.6 1.4
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Table 4.5 Radiative lifetimes for lower resonantly excited states of inert gas atoms

Atom Ne Ar Kr Xe
7(1s2), ns 1.6 2.0 3.2 3.5
T(ls4), ns 25 10 35 3.6
7(Ls2)/7(1ss) 16 5 1.1 1.0
c3/c2 13 3.8 1.1 1.4

Table 4.6 Broadening parameters for spectral lines of alkali metal atoms: A is the photon wave-
length for resonant transition, 7 is the radiative lifetime of the resonantly excited atoms, Awp , Awp
are given by formula (4.30), Npy, is expressed in 10'®cm ™3, and N, is given in 10'3cm™3. The
temperature of alkali metal atoms is 500K [35]

Element | Transition A, nm T,n8 Awp, Awp /N, Npr N;
10°s71 | 1077 cm3/s
Li 228 — 32p 670.8 27 8.2 2.6 16 32
Na 32812 — 32Pin | 589.59 16 4.5 1.6 15 2.5
Na 32810 — 32 P30 | 589.0 16 4.5 2.4 9.4 1.4
K 4281, — 42P1p | 769.0 27 2.7 2.0 6.5 1.2
K 4281, — 43Py | 766.49 27 2.7 3.2 42 |06
Rb 52810 — 52 Pijp | T94.76 28 1.7 2.0 45 07
Rb 5281 — 5*P3; | 780.03 26 1.8 3.1 29 |04
Cs 62812 — 62 Pijp | 894.35 31 1.2 2.6 2.3 0.3
Cs 62812 — 6*P3;p | 852.11 27 1.3 4.0 16 02
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Table 4.7 Radiative parameters and the absorption coefficient for the center line of resonant
radiative transitions in atoms of the first and second groups of the periodical system of elements
[33, 35]

Element | Transition A, nm 7,08 |g«/g, | voy, ko,
1077 cm3/s 105 cm™!
H 125 — 2°pP 121.57 | 1.60 |3 0.516 8.6
He 1's —2lp 58.4330.56 |3 0.164 18
Li 22§ — 32p 670.8 |27 3 5.1 1.6
Be 2ls —2lp 23486 1.9 |3 9.6 1.4
Na 3281, — 32Pip 589.59 | 16 1 3.1 1.1
Na 32810 — 32P5p 589.0 |16 2 4.8 1.4
Mg 3ls - 3lp 285.21 (2.1 3 5.5 3.4
K 4281, — 43P 769.0 |27 1 4.1 0.85
K 4281, — 42P3pp 766.49 | 27 2 6.3 1.1
Ca 4ls —» 41p 42267 (46 |3 7.3 2.5
Cu 281, — 43P 1) 327.40 | 7.0 1 1.1 2.1
Cu 4281, — 42P3)n 32475(72 |2 1.7 2.8
Zn 4ls > 4lp 213.86 | 1.4 3 33 4.8
Rb 52810 — 52 Pip 794.76 | 28 1 3.9 0.91
Rb 52812 — 5% P30 780.03 | 26 2 6.2 12
Sr 5's - slp 460.73 | 6.2 3 9.4 1.7
Ag 52812 — 5% Pip 338.29 | 7.9 1 1.1 2.0
Ag 52810 — 5% P50 32807 (6.7 |2 1.7 2.9
Cd 5's - slp 228.80 | 1.7 3 33 45
Cs 62812 — 6Py 894.35 |31 1 5.3 0.77
Cs 62812 — 62 P52 852.11 |27 2 8.1 1.0
Ba 6's — 6'p 553.55 |85 |3 9.0 1.9
Au 62812 — 62 Pi ) 267.60 | 6.0 1 0.49 1.9
Au 62172 — 6> P32 24280 |46 |2 0.75 42
Hg 6's - 6'P 184.95 1.3 3 2.2 5.7




Chapter 5 ®)
Physics of Molecules e

Abstract Various types of interaction of atomic particles at large distances between
them are considered and include long-range interaction, exchange interaction, and
electron interaction inside atomic particles. The correlation is analyzed between
quantum numbers of atoms and diatmic molecule consisting of these atoms. Hund
cases of coupling of momenta in a diatomic molecule are represented. Potential
curves of diatomic molecules in lower electron states are represented. Numerical
values of various molecular parameters for diatomic and polyatomic molecules are
given.

5.1 Interaction Potential of Atomic Particles
at Large Separations

We analyze below a long-range interaction involving two atoms or an atom with ion
at large distances between them that allows one to separate different interaction types
and to find the condition of formation of chemical bonds. A long-range interaction of
atomic particles is determined by distribution of valence electrons, and the operator
of atom interaction V results from Coulomb interaction of valence electrons with
electrons of another atom and its core

~ &2 & e? Z,Z,6>
V=- - 5.1
) TP s TR By iy S

Here R is the vector along the line joined nuclei, the coordinates of valence electrons
r;, r; are counted off from their nuclei (see Fig.5.1). Expanding the operator (5.1)
over a small parameter r/R, after an average over the electron distribution we obtain
different types of a long-range interaction between atomic particles. The strongest
term is proportional to R=2 and is the ion interaction with the atom dipole moment
if it is not zero, as it takes place for ion interaction with an excited hydrogen atom
which state is characterized by parabolic quantum numbers n, n;, ny, m. Then the
interaction potential has the form [45, 46]
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3Zﬁ2(l’l2 — n])

UR) =
® 2m,R?

(5.2)
where Z is the ion charge expressed in electron charges.

The next expansion term is proportional to R~ and is interaction of the ion charge
with the atom quadrupole moment

Ze*Q
R3

UR) = ; (5.3)
where Q is the component of the quadrupole moment tensor on the axis that joins
nuclei. In the one-electron approximation this quantity is [85, 86]

2

0= ZZrizPﬂcosH,v) = 2;%1’?, 5.4

where r;, 6; is the spherical coordinates of the valence electron. The quadrupole

moment is zero for a completed electron shell, and for an average over the momentum

projections. The values of the quadrupole moment for atoms with a filling p-shell
are given in Table 5.1 [19, 61].

The next expansion term for the long-range interaction potential is interaction of

a charge with an induced atomic dipole moment and for a unit ion charge is given by

Oée2

UR) =~75

(5.5)
where « is the atom polarizability which values are given in diagram of Fig. 5.2. The
interaction potential of two atoms due to induced dipole moments (van der Waals
interaction) where one of these atoms has a completed shell is equal

Cs

UR) = R

(5.6)
and the values of C¢ for two inert gas atoms are given in Table5.2.

Exchange interaction of atomic particles results from overlapping of wave func-
tions of valence electrons and is determined by a coordinate regions as it is shown
in Fig.5.3. Because long-range and exchange interactions between atomic particles
are given by different coordinate regions at large distances between them, the total
interaction potential is the sum of these interaction potentials. Next, according to the
nature of the exchange interaction potential A (R), we have the following estimation
in the case of exchange by one electron located in the field of identical atomic cores

A(R) ~ [{(R/2)]* ~ exp(—YR)
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Here v(r) is the wave function of the valence electron, and 7> = 2m,J /h?, where J
is the atom ionization potential. This interaction potential with exchange by one elec-
tron corresponds to ion-atom interaction. Interaction of two atoms is accompanied
by exchange by two valence electrons, and the exchange interaction potential of two
atoms at large separations is A(R) ~ exp(—2vR). In particular, the exchange inter-
action potential of two hydrogen atoms is A(R) ~ exp(—2R/a,) at large distances
between them.

The exchange interaction potential may have different sign that determines the
possibility of formation of a chemical bond for a given electron term at approach
of atomic particles. If this sign is negative, a covalence chemical bond is formed at
moderate distances between atomic particles, and a number of attractive and repulsed
electron terms is equal approximately. In particular, we consider interaction of a
structureless ion and a parent atom with a valence s-electron. At large distances
between nuclei R the eigen functions 1), and 1, of a system of interacting ion and
atom correspond to the even (gerade) and odd (ungerade) states and are given by

YD+ YD) = Q)
= = (5.7)

at large distances between nuclei. Here ¢ (1), 1(2) corresponds to electron location
in the field of the first and second atomic core. Correspondingly, if an electron is
located in the field of one core, its state is a combination of the even and odd states.
In particular, the wave function for electron location in the field of the first atomic

core is Do+
1) = u, 5.8
v = H (5.8)
where D) + () W(1) — ()
= 2RO, w92 (59)

V2 V2

As is seen, the atomic electron term is split in the even £,4(R) and odd ¢,(R)
molecular electron terms at finite distances R between nuclei, and the even term
corresponds to attraction, and the odd term respects to repulsion. The exchange
interaction potential A(R) is the difference of the energies of these states and for
s-valence electron in the field of structureless cores this quantities at large R is equal
to [128]

A(R) =| g4(R) — £,(R) |= A’R* " exp(—Ry — 1/7), (5.10)

where A, v are the parameters of the asymptotic expression (3.19) for the electron
wave function.

Another type of exchange interaction of two atoms A—B is realized if an electron
term A—B approaches with an electron term A~ —B™, where a valence electron of one
atom transfers to another atom. The Coulomb interaction of positive and negative
ions leads to attraction, and atoms form ion-ion bond in this case. This bond is typical
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for atoms with a large affinity, in particular, for halogen atoms, and is realized into
molecules consisted of halogen and alkali metal atoms. Excimer molecules have such
a chemical bond.

Another type of exchange interaction takes place in the case where one atom is
excited. The nature of this interaction consists in penetration of an excited electron
to a non-excited atom when it is located in the field of the parent core. In the limiting
case of a highly excited atom this interaction potential is given by the Fermi formula
[90-92]

27h*L

U(R) = W), (.11

e

where R is the non-excited atom coordinate, W (R) is the wave function of an excited
electron, L is the electron scattering length for a non-excited atom. The Fermi formula
(5.11) is valid if a size of electron orbit as well as a distance R between atoms exceeds
significantly a size of a non-excited atom. This interaction may be used as a model
one for systems and processes involving interacting atoms [93]. As is seen, there
are many forms of interaction between atomic particles. At large distances between
particles these interactions may be separated that allows one to ascertain the role of
certain interactions.

5.2 Energetic Parameters of Diatomic Molecules

A diatomic molecule is a bound state of two atoms. The electron term of a diatomic
energy is the electron energy ¢ of a given electron state as a function of a distance
R between motionless nuclei. Figure 5.4 gives a typical dependence of the electron
energy on a distance R between nuclei in the case if two atoms form a bond. A small
parameter m,/u (m, is the electron mass, p is the reduced mass of molecule nuclei)
is the basis of the molecule nature, and this small parameter allows us to separate
the electron, vibration and rotation degrees of freedom. Indeed, a typical difference
of energies for neighboring electron terms is €, ~ leV, a typical energy differ-
ence between neighboring vibration states is ~(m,/u)'/*c,, and a typical energy
difference for neighboring rotation states is ~(m,/p)e,.

We now give standard notations for the molecule energy [7]. The total excitation
energy of the molecule T with accounting for the separation of degrees of freedom
may be represented in the form [7]

r=T.+Gw)+FWU), (5.12)

where T, is the excitation energy of an electron state, that corresponds to excitation
of this electron term from the ground state of the electron term, G (v) is the excitation
energy of a vibrational state and F,,(J) is the excitation energy of a rotational state.
Formula (5.12) includes the main part of the vibrational and rotational energy for a
weakly excited molecule. Because of a high resolution of spectral lines, molecular



5.2 Energetic Parameters of Diatomic Molecules 107

spectroscopy gives reach information about molecule energetics including parame-
ters of electron, vibration and rotation molecular excitations [66, 69, 70, 94, 95].

Near the minimum of the electron term that corresponds to the stable molecule
state, the vibrational and rotational energies of a molecule with accounting for the
first expansion terms have the form

G(v) = hwe(v + 1/2) — hwex(v + 1/2)2, Fy(J) = ByJ(J + 1), By = Be — ae(v + 1/2),
(5.13)

Here v and J are the vibration and rotation quantum numbers (J is the rotation
momentum) which are whole numbers starting from zero. The spectroscopic parame-
ters fiw,, hw,x are the vibration energy and the anharmonic parameter, B, = h?/(2I)
is the rotation constant, where the inertia momentum equals / = uR?, where R, is
the distance between atoms for the electron term minimum, B, is the rotation con-
stant for a vibrational excited state. These parameters for diatomic molecules and
molecular ions with identical nuclei are contained in periodical tables of Figs.5.5,
5.6, and 5.7.

5.3 Coupling Schemes in Diatomic Molecule

We below give the classification of interactions inside the diatomic molecule keeping
the standard Hund scheme of momentum coupling [46, 58, 59]. Then we are based on
three interaction types inside the molecule, the electrostatic interaction V, (interaction
between the orbital angular momentum of electrons and the molecular axis), spin-
orbit interaction V,, and interaction between the orbital and spin electron momenta
with rotation of the molecular axis V,. A certain scheme of coupling is determined
by the hierarchy of these interactions, and possible coupling scheme are given in
Table 5.3.

Each type of momentum coupling gives certain quantum numbers. These quan-
tum numbers describe the electron molecule state, correspond to a given hierarchy of
interactions and are given in Table 5.3. Indeed, let us denote by L the electron angular
momentum, by S the total electron spin, and by j the total electron momentum that
is the sum of the angular and spin momenta (j = L + S). Next, denote by n the unit
vector directed along the molecular axis, and by K the rotation momentum of nuclei.
Depending on the hierarchy of interactions, one can obtain the following quantum
numbers. Indeed, A is the projection of the angular momentum of electrons onto the
molecular axis, €2 is the projection of the total electron momentum J onto the molecu-
lar axis, S, is the projection of the electron spin onto the molecular axis. Ly, Sy, Jy
are projections of these momenta onto the direction of nuclei rotation momentum
N. Note that the operator of the total molecule momentum J=L+S +K=j+K com-
mutes with the molecule Hamiltonian, and the eigenvalues of the operator J are the
molecule quantum numbers for various cases of Hund coupling.
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The character of momentum coupling under consideration describes not only
the molecule structure and quantum numbers of a diatomic molecule, but it is of
importance for dynamics of atomic collisions [96-99] if transitions between states
of colliding atomic particles is considered as a result of transition between different
scheme of momentum coupling. Indeed, in the course of collision of two atomic par-
ticles when a distance between two colliding atomic particles varies, the character of
momentum coupling may be changed also. Transition from one coupling scheme to
another one leads simultaneously to a change the quantum numbers of colliding par-
ticles. This may be responsible for some transitions in atomic collisions [19, 98, 99].

The classical Hund scheme of momentum coupling inside a molecule gives a
qualitative description of this problem. In reality a number of interactions is more
and the hierarchy of interactions is more complex than that in the Hund cases of
momentum coupling inside a molecule. We demonstrate this on a simple example
of interaction between a halogen ion and its atom at large distances between them
which are responsible for the charge exchange process that proceeds in collision of
these atomic particles. For definiteness, we take interaction between these particle at
a distance R,, so that the cross section of resonant charge exchange is mR2/2 at the
collision energy of 1eV. Because this distance is large compared to an atom or ion
size, this simplifies the problem and allows us separate various types of interactions.

Let us enumerate interaction potentials in the quasimolecule X, (X is the halogen
atom in the ground electron state) which are as follows

QMM _ QMM qmm

Vex, UM = F, Um RS s

A(R), iy day Vi (5.14)
Here we divide the electrostatic interaction V, of Table5.3 into four parts: the
exchange interaction, V,,, inside the atom and ion that is responsible for electro-
static splitting of levels inside an isolated atom and ion, the long-range interaction,
Uy, of the ion charge with the quadrupole moment of the atom, the long-range inter-
action, U,,, that is responsible for splitting of ion levels, and the ion-atom exchange
interaction potential, A, that is determined by electron transition between atomic
cores. Instead of the relativistic interaction V,, of Table 5.3 we introduce separately
the fine splitting of levels &; for the ion (the splitting of 3py and 3P, ion levels)
and J, (the splitting of 3p, /2 and 3p, /2 atom levels) for the atom. Here M, m are
the projections of the atom and ion angular momenta on the molecular axis, R is
an ion-atom distance, Qj is the tensor of the atom quadrupole moment, g; is the
quadrupole moment tensor for the ion. Taking for simplicity the impact parameter
of ion-atom collision to be R,, we have for the rotation energy at closest approach

of colliding particles

hv
th = R_O»

where v is the relative ion-atom velocity, and we use this expression below for
estimation of the Coriolis interaction. As is seen, the number of possible coupling
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cases is larger than that in the classical case. Of course, only a small part of these
cases can be realized.

Table 5.4 lists the values of the above interactions for the halogen molecular ion
at a distance R, between nuclei that is responsible for the resonant charge exchange
process. Comparing different types of interaction, we obtain the following hierarchy
of interactions in this case

Vox >> 0;, 00 >> Uy >> U, Vioy (5.15)

Comparing this with the data of Table 5.3, we obtain an intermediate case between
cases “a” and “c” of Hund coupling, but the hierarchy sequence (5.15) does not
correspond exactly to any one of the Hund cases.

Thus, we conclude that the classical Hund cases of electron momentum coupling in
diatomic molecules may be used for qualitative description if the molecule structure
and its quantum numbers, but in reality the interaction inside molecules is more
complex.

Let us consider excimer molecules consisting of an atom in the ground state and
an atom in excited state, and these atoms form a strong chemical bond. When these
atoms are in the ground state, the bond is weak. Such molecules are named excimer
molecules. Widespread excimer molecules contain a halogen atom in the ground
state and inert gas atom in lowest excited states with an excited s-electron. These
excimer molecules are analogous to molecules consisting of halogen and alkali metal
atoms in the ground state, and the chemical bond in these excimer molecules result
from a partial transition of an excited s-electron to the halogen atom, and interaction
of positive and negative ions in these molecules determines a strong chemical bond
in them.

Electron terms of the excimer molecule XeF are given in Fig.5.8 as an exam-
ple of an excimer molecule. If atoms are found in the ground states, the chemical
bond between them is not realized, since an exchange interaction involving an atom
with the completed electron shell corresponds to repulsion. Then valence electrons
remain in the field of parent atoms, so that the quantum molecular numbers are
the total molecule spin, the projection of the angular electron momentum onto the
molecular axis, and also the molecule symmetry for its reflection with respect to
the plane passed through the molecular axis. Excitation of the molecule leads to
transition of an excited electron to the halogen atom, and the quantum number of
a formed molecule is the total momentum of an inert gas atomic core. Figure 5.9
contains parameters of some states of excimer molecules under consideration [?],
so that R, is the equilibrium distance between nuclei that corresponds to the inter-
action potential minimum, and D, is the potential well depth, i.e. the difference
of the interaction potential at infinite distance between nuclei and the equilibrium
one R,. Radiative transitions in excimer molecules are the basis of excimer lasers
[101-103], and Fig.5.10 shows radiative transitions between electron states of
excimer molecules, whereas the radiative lifetime for some states of excimer
molecules as well as the wavelengths of the band middle for corresponding radiative
transitions are represented in Fig.5.9.
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5.4 Potential Curves and Correlation of Atomic
and Molecular States

If two atoms form a molecule, electron states of these atoms, as well as the character
of coupling of electron momenta in atoms and molecules, determine possible electron
states of a forming molecules. In other words, there is the correlation between atomic
and molecular states [104—107]. We below consider this for a molecule consisting
of two identical atoms.

If a molecule consists of identical atoms, the new symmetry occurs which cor-
responds to the electron reflection with respect to the plane that is perpendicular
to the molecular axis and divides it in two equal parts. The electron wave function
of even (gerade) state conserves its sign as a result of this operation, and the wave
function of the odd (ungerade) state changes a sign when the electrons are reflected
with respect to the symmetry plane. The corresponding states are denoted by g and
u correspondingly.

Note also that the operator of electron reflection with respect to any plane passed
through the molecular axis commutes with the electron Hamiltonian also, and the
parity of a molecular state is denoted by + or — depending of conservation or
change of the sign of the electron wave function in this operation. The parity of the
molecular state is the sum of parities of atomic states, when atoms are removed on
infinite distance, and this value does not change at variation of a distance between
nuclei. Thus, in the “a” case of the Hund coupling molecular quantum numbers are the
projection A of the angular momentum on the molecular axis, the total molecule spin
S and its projection onto a given direction, the evenness and parity of this state which
is degenerated with respect to the spin projection. Table 5.5 represents the correlation
between states of two identical atoms and a forming molecule [108] in the case “a” of
Hund coupling when electrostatic interaction dominates that includes the exchange
interaction in atoms. This coupling character relates to molecules consisting of light
atoms with the LS scheme of momentum coupling in atoms.

The “a” Hund case corresponds to light atoms for which the LS-scheme of momen-
tum coupling is realized. Figures5.11,5.12,5.13,5.14 and 5.15 [8] give the potential
curves or electron terms for lowest electron states of hydrogen, helium, carbon, nitro-
gen and oxygen diatomic molecules, where the “a” Hund case is realized, and the
structure of valence electron shells is s, s%, 2p%, 2p® and 2p* in these cases corre-
spondingly. These Figures contain also electron terms of corresponding molecular
ions. In these cases an electron state of an excited molecule is denoted by letters
X, A, B, C etc. for the states with zero total spin and by letters a, b, ¢ etc. for the
states with one total spin. The projection of the molecule angular momentum onto
the molecular axis as a quantum number is denoted by letters X, I1, A etc., when the
electron momentum projection is one, two, three etc. Next, the total molecule spin
is the quantum number in the “a” Hund case, and the multiplicity of the spin state
2S 4 1 (S is the molecule spin) is given as a left superscript for the state notation.
Next, the state parity (4 or —) is given as a right superscript, and the state evenness
for amolecule consisting of identical atoms (g or u) is represented as a right subscript.
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In particular, 3 2; describes the molecular state with the total electron spin § = 1,
the electron momentum A = 0, even state u with respect to electron reflection for
the plane which is perpendicular to the molecular axis and divides the molecule in
two equal parts, and with the parity + where the wave function conserves the sign
at reflection with respect to a plane which passes through the molecular axis. The
above notations are used in Figs.5.11, 5.12, 5.13, 5.14, and 5.15.

The correlation between atomic and molecular states in the “c” case of Hund
coupling, where the coupling in atoms corresponds to the jj coupling scheme, may
be fulfilled in the same manner. This correlation is given in Table 5.6 that is taken
from [108]. In the Hund “c” case [58, 59], when spin-orbit interaction exceeds the
level splitting for different projection of the angular electron momentum, the total
electron momentum, that is the molecule quantum number, is denoted by a large
value. In addition, depending on the behavior of the electron wave function as a
result reflection with respect to the plane passed through molecule axis, the electron
state is denoted by superscripts + or — after the electron momentum. Transition
from the Hund case “a” to “c” leads to the following change in term notations for a
diatomic molecule

X'sfr—0f: @%f - 1,.0, A'S; > 0f : PSS —1,.0; (5.16)
As an example, Fig.5.16 contains electron terms of the argon molecule that consists
of atoms in the ground the Ar(3p®) and excited Ar(3p>4s) states. States of an excited
atom at large separations are given for LS-scheme of momentum coupling. The same
behavior of electron terms take place for molecules of other inert gases.

We note that the quantum numbers of the molecule electron state are defined
accurately only for a restricted number of interactions as it takes place in the Hund
cases of momentum coupling. In particular, a simple description relates to light
atoms where non-relativistic interactions dominate. The description of molecules
consisting of heavy atoms, when different types of interaction partakes in molecule
construction, is in reality outside the Hund scheme. In particular, let us return to
the case of Table5.4 for interaction a halogen positive ion with a parent atom at
large distances which are responsible for the resonant charge exchange process. In
accordance with the hierarchy of interactions which is given by formula (5.15), the
molecule quantum numbers are JMj and the evenness (g or u), where J is the total
atom momentum, M, is its projection on the molecular axis, and j is the total ion
momentum. Figure 5.16 contains electron terms of the molecular diatomic ion C1
in a range of large distances between nuclei [100] (Fig.5.17).

Table 5.7 contains parameters of the lowest excited states of inert gas diatomic
molecules, so that R, is the equilibrium distance between nuclei, D, is the minimum
interaction potential that corresponds to this distance (see Fig. 5.4), T is the molecule
radiative lifetime. One more peculiarity of interaction between atoms follows from
the character of exchange interaction. At large separations the exchange interaction
potential is given by the Fermi formula (5.11), and the electron scattering length L in
this formula is positive for helium and neon atoms and is negative for argon, krypton
and xenon atoms. This means that repulsion at large distances in helium and neon
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excited molecules is changed by attraction at moderate distances between interacting
atoms. From this it follows that the interaction potential of helium or neon atoms
in the ground and excited states can have the hump at large separations, and the
parameters of this hump are given in Table5.8.

In addition, Table5.9 contains the polarizabilities of homonuclear diatomic
molecules, and the diagram 5.18 gives the electron affinities of homonuclear diatomic
molecules.

The properties of diatomic molecules consisting of different atoms with nearby
ionization potentials are similar to those for homonuclear diatomic molecules. This
is confirmed by Figs.5.19, 5.20, and 5.21 which contain potential curves for the
lowest states of molecules CH, NH, OH, and diagram Fig.5.22, gives the affinities
of various atoms to the hydrogen and oxygen atom, i.e. the dissociation energies of
corresponding diatomic molecules.

5.5 Polyatomic Molecules

It will be represented below some parameters of molecules consisting of three and
more atoms. Our goal in this consideration is to extract widespread information
and to give a nature of these data. We first consider three-atom molecules with
two or three identical atoms. These atoms may lay in one line that corresponds
to the molecule symmetry Dy, or may form a triangle with the symmetry C,.
The geometric and vibration-rotation parameters of three-atom molecules are given
in Table5.10. This Table contains three vibrational energies v, v,, v3 for these
molecules, A,, B,, C, are rotational constants for these molecules, r is the distance
between atoms X and Y of the molecule XY, « is the angle between two segments
XY of this molecule. In the case of the D, symmetry, the angle o« = 180° is and
the rotational constants A, = C, = 0 because this molecule has the stick shape. In
addition, as a demonstration of vibrational molecule parameters, Fig.5.23 contains
parameters of lower vibration states of the carbon dioxide molecule together with
radiative parameters for these states.

Table5.11 contains the ionization potential J and the electron affinity EA for
three-atom molecules, and the binding energy D for the bond YX — Y of molecules
under consideration.

Table 5.12 gives the electron affinities of round fluorine-containing molecules AF,
and AF¢ [13]. One can construct the wave function of a valence electron for these
negative ions as a combination of the partial wave functions if a valence electron is
located for each partial electron function at a certain fluorine atom. From this one
can see existence of 4 different states of negative ions AF, and six different states
of negative ions in the case AF, if these states are formed from atoms in the ground
electron state. Correspondingly, the ground state of the negative ion is stable and is
characterized by a large binding energy. In contrast to this consideration, the data
of Table5.12 show a high sensitivity of the electron binding energy in a negative
ion to some details of electron interaction with a molecule. Hence, in spite of a low
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accuracy of data of Table 5.12, the electron binding energies in negative ions of the
identical structure are significantly different.

Figures

(g f/(;\ )
T

R

Fig. 5.1 Geometry of interaction for bound electrons of different atoms
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2

Fig. 5.3 Regions of coordinates of valence electrons which are responsible for atom interaction at
large distances. 1—region of location of atomic electrons; 2—region that is responsible for a long-
range atom interaction at large separations; 3—region of electron coordinates that is responsible
for exchange interaction of atoms

U(R)

Fig. 5.4 Typical dependence of the electron energy of an electron state on a distance between
nuclei in a diatomic molecule
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Fig. 5.8 Potential curves of excimer molecule XeF

Excimer molecules.

Fig. 5.9 Parameters of excimer molecules
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Fig. 5.10 Character of radiative transitions in an excimer molecule



5.5 Polyatomic Molecules 121

17

- -
///// (e
VX 95

/ “pn.3px
y a'n,Jom

Jj " hg3d6 r"ﬁy.i'd:-’(

D ‘ :I,?“ 4 DT / I ’Hy Jg’;q"
g 356

B sl4ps =L 2,

P —

o
R, A

oa 08 12 1.6 20 24 28 32 36

Fig. 5.11 Potential curves of hydrogen molecule (H;) involving excited hydrogen atoms
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U, eV

U, 103 em™!

1-3.0

=40

1.0 L5 2.0

Fig. 5.12 Potential curves of helium molecule (He,) involving excited helium atoms. The energy
of electron terms expressed in cm~! starts from the ground vibration and lowest electron excited
state, the energy of electron terms in eV begins from the ground vibration and electron states
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Fig. 5.13 Potential curves of the carbon diatomic molecule C;
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Fig. 5.14 Potential curves of the nitrogen diatomic molecule N»
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Fig. 5.15 Potential curves of the oxygen diatomic molecule O,



126 5 Physics of Molecules
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Fig.5.16 Potential curves of the argon diatomic molecule consisting of atoms in the ground Ar(2p®)
and lowest excited Ar(2p5 3s) states which start from the lowest excited atom state at large distances
from the argon atom in the ground state
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Fig. 5.17 Potential curves of the chlorine molecular ion C12+ resulted form interaction of the atom
CI(3P) and ion C1* (P) in the lowest electron states at large separations which are responsible for the
resonant charge exchange process [100]. The excitation energies are counted off form the ground
ion and atom states at infinite distance between them and are expressed in cm™'. The indicated
quantum number of electron terms are JM;j and the evenness, where J, j are the total momenta of

the atom and ion, M is the projection of the total atom momentum onto the molecular axis
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Fig. 5.19 Potential curves
of the CH molecule
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Fig. 5.20 Potential curves of molecule NH
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Fig. 5.21 Potential curves of molecule OH
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Fig. 5.23 Lowest vibration states of the CO, molecule and radiative transitions between them
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Table 5.1 The quadrupole moment Q of atoms with filling p-shell for the LS-coupling scheme;

M is the atom momentum projection onto the molecular axis

Atom states | (p)2P (»*)2P PH*s @Hp (p°)*P
M=0 4/5 —4/5 0 4/5 —4/5
M| =1 —2/5 25 - —2/5 25

Table 5.2 Given in atomic units the values of the constant C¢ of van der Waals interaction between
two identical atoms of inert gases [87-89]

Interacting He-He Ne-Ne Ar-Ar Kr-Kr Xe-Xe
atoms
Cs 1.5 6.6 68 130 270

Table 5.3 The cases of Hund coupling [58, 59]

Hund case Relation Quantum numbers
a Ve>>V, >>V, A,S, S,

b Ve>>V,>>1V, A, S, Sy

c Vin >> Ve >>V, Q

d Vi>>V,>>V, L,S,Ly, Sy

e Vi>>V,, >>1V, J,JIN
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Table 5.4 Parameters of interaction of a positive halogen ion with a parent atom in the ground
electron states at a distance R, that is responsible for resonant charge exchange at the collision
energy of 1eV [100]

F cl Br I
R, a, 10.6 13.8 15.1 17.2
0a, cm™! 404 882 3685 7603
5;, cm™! 490 996 3840 7087
Ve, cm ! 20873 11654 11410 13727
8i/ Vex 0.023 0.085 0.34 0.52
Uy, cm™! 341 407 448 372
Un /6a 0.84 0.46 0.12 0.049
Vior, cm™! 30 17 10 7.1
A(R,), cm™! 23 14 8.4 6.1

Table 5.5 Correlation between states of two identical atoms in the same electron states and the
molecule consisting of these atoms in the case “a” of Hund coupling [108]. A number of molecule
states of a given symmetry is indicated in parentheses if it is not one

Atomic states Dimer states
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38 'srinsoss

45 SRS M g

Ip 'r@) e 0, Tt A,

2p R RD MRS I PRSI FRUIVED S ¢) D omitl s Pl | PV

3p RNCRD NS | PR | PRV VIED ) IS ieh | FILS s PN
T2, %, Ty T, A,

4p "X e 0, 0 A B 20 0,0 G A,
RECANDME ) LD ISV >N v I vt § PRS | PRV

'D 'TF3)' 2,2, 1,2, T,2)," A,2)," Ay @, @, T,

D '3 2,2, 1,2, TL2),' A,2),' AL @y, 9,1 Ty,
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Table 5.6 Correlation between states of two identical atoms in the same electron states and the
molecule consisting of these atoms in the case “c” of Hund coupling [108]. A number of molecule
states of a given symmetry is indicated in parentheses if it is not one

Atom states

Dimer states

J=0

J=1/2 12,0;,0;

J=1 2. 1u, 14,05 (2), 0

J=3/2 3429 2us 1y, 1,(2), 0F (2), 0, (2)

J=2 49,35, 35, 24(2), 24, 14(2), 1,(2), 0F 3), 0, (2)

g

Table 5.7 Parameters of lowest excited states of inert gas molecules

Molecule, state R., A D,., eV 7,107, s
Hey(a®%;) 1.05 2.0 800
Hey(AlZH) 1.06 25 0.28

Nex (@) 1.79 0.47 360
Ary(1y, 07) 24 0.72 0.5

Ay (0) 24 0.69 30

Kr2 (0;) 0.6
Xez(1y, 07) 3.03 0.79 11

Xex (0) 3.02 0.77 0.6

Table 5.8 The distance Rj, between nuclei and the hump height Ae for the interaction potential of
excited and non-excited atoms of helium and neon

Molecule, state Ry, A Ae, eV
Hey(a®%;) 3.1 0.06
Hey(A!SH) 2.8 0.05
Nex (@) 2.6 0.11
Nex(A'Z)) 25 0.20
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Table 5.9 The polarizabilities « of diatomic homonuclear molecules expressed in a’
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Molecule @ Molecule «@

H» 5.42 Al 130
Lij 230 Clp 31
N, 11.8 K> 500
Oy 10.8 Brp 474
F, 93 Rby 530
Nap 260 Csp 700

Table 5.10 Vibrational, rotational and structural parameters of three-atom molecule

o

Molecule | nuy, nuy, nus, A, B,, C,, r, A a,’
cm— cm— cm— cm— cm™! cm™!

H,O0 3657 1595 3756 27.9 14.5 9.3 0.96 105
D,0 2678 1178 2758 15.4 7.3 4.8 0.96 105
H,S 2615 1183 2626 10.4 9.02 4.73 1.34 92
BO; 1056 447 1278 - 0.328 |- 1.26 180
CO, 1333 667 2349 - 0.390 |- 1.16 180
CF, 1225 667 1114 2.95 0.413 |0.365 1.30 105
CS, 658 397 1535 - 0.109 |- 1.55 180
F,0 928 461 831 1.96 0.363 |0.306 1.41 103
NH; 3219 1497 3301 23.7 12.9 8.16 1.02 103
NO; 1318 750 1618 8.00 0.434 (0410 1.19 134
O3 1103 701 1042 3.55 0.445 |0.395 1.28 117
SO, 1151 518 1362 2.03 0.344 10.294 1.43 120
SF; 855 345 870 0.838 0.307 |0.228 1.59 98.3
SiH, 2032 990 2022 8.10 7.02 3.70 1.52 92.1
SiF; 855 345 870 1.021 0.294 0.228 1.59 101
XeF; 515 213 555 - 0.114 |- 1.98 180
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Table 5.11 Binding energies for three-atom molecules XY>

Molecule J,eV FEA, eV D(XY —Y,eV)
H,0 12.61 - 5.12
H,S 10.46 - 39
BO; 13.5 43

CO, 13.77 5.45
CF, 10.42 0.16

CS, 10.07 0.90 4.51
F,0 13.11 2.85
NH; 11.14 0.77 39
NO» 9.76 227 3.11
O3 12.5 1 1.04
SO, 12.3 1.11 5.66
SF, - -

SiHp 8.9 1.12

SiF; 10.9 -

XeF, 12.4 -

Table 5.12 Electron affinities of molecules AF4 and AFg given in eV

A AFy AFg A AFy AFg A AFy AFg
S 1.9 0.8 Mo - 4.0 Re - 4.2
\" 3.5 - Ru Os 3.9 5.0
Mn 54 - Rh 54 4.8 Ir 4.3 54
Fe 54 - Te - 33 Pt 5.2 7.0
Se - 3.0 w - 3.7 U 1.7 5.0




Chapter 6
Elementary Processes in Gases and Plasmas

Abstract Elementary processes involving atoms, electrons and ions are analyzed.
Peculiarities of cross sections and rate constants as characteristics of these processes
are considered. Various pair and three body collision processes are considered as
elastic electron-atom scattering, processes of excitation, quenching and ionization of
atoms by electron impact, elastic scattering and resonant charge exchange for ion-
atom collisions, atom ionization in collisions involving excited atoms, electron-ion
recombination and electron attachment to molecules. Physics of these processes is
analyzed and numerical parameters of their cross sections or rate constants are given.
Additionally processes are represented in an excited or ionized air. The character of
elastic electron-atom collisions including the Ramsauer effect is represented within
the framework of the phase theory of scattering.

6.1 Parameters of Elementary Processes in Gases
and Plasmas

Properties of rare atomic systems, gases and plasmas, are determined by various
processes of collision of atomic particles [109]. In a general consideration of atomic
collisions [110, 111], we use the cross section as a characteristic of collision of
atomic particles. According to definition, the differential cross section of collision of
two atomic particles do that is introduced in the center-of-mass frame of reference,
is a number of scattered particles per unit time per unit solid angle d2 to the flux of
incident particles. The parameters of elastic scattering of particles when the particle
internal state is not changed, are given in Fig. 6.1 in the classical limit. The classical
parameters of particle collision are the impact collision parameter p, a distance of
closest approach r,, and the scattering angle 9. If the interaction potential U (R) of
colliding particles is spherically symmetric (R is a distance between particles), the
conservation of the angular momentum of particles in the course of collision leads
to the following relation between the impact collision parameter and the distance of
closest approach [112]

2 U(r
2—li- )] 6.1)
ry 3
© Springer International Publishing AG, part of Springer Nature 2018 139
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where ¢ = pv? is the kinetic energy of colliding particles in the center-of-mass
frame of reference, and p is the reduced mass of colliding particles, v is their relative
velocity. In the case of a monotonic dependence (p) of the scattering angle on the
impact collision parameter the differential cross section of scattering in the classical
limit is

do =2mpdp (6.2)

The model of hard spheres is a convenient model for scattering of classical par-
ticles in a strongly varied potential, and the interaction potential for this model
corresponds to a solid wall of a radius R,, as it is shown in Fig.6.2. Within the
framework of this model, when the cross section is independent of the collision
velocity, the differential cross section do and the transport (or diffusion) cross section
o* = [(1 — cos¥)do are equal correspondingly (see Fig. 6.3)

do = 7rR§ dcos?, oF = 7rR§ (6.3)

The transport cross section of scattering ¢* relates to transport of particles in a gas,

whereas the total cross section o; = [ do is the integral over the phase shift of
colliding particles as a result of their collision. Because a shift of the phase of an
electromagnetic wave which results from interaction of a radiating atomic particle
with surrounding atomic particles has the same nature, the total cross section of
scattering in collision of a radiating particle with gas particles may be responsible
for broadening of spectral lines. The total cross section is infinite (A — 0) in the
classical limit since weak scattering takes place at any large impact parameters of
particle collisions.

The classical description holds true in the case where the main contribution to
the scattering cross section is given by large collision momenta I = upv/h >
1. In the case of a spherically symmetric interaction potential between colliding
particles, scattering for different collision momenta / proceeds independently, and
any total parameters of scattering are the sum of these parameters for each collision
momentum /. The characteristic of particle scattering is the scattering phase ¢;, that
is the parameter of the wave function of colliding atomic particles at large distances
between them. The connection between the differential cross section of scattering
do = 27| f(¥)|>d cosdJ, the scattering amplitude f (1), the diffusion or transport
cross section o* and the total scattering cross section o, have the form [46, 113, 114]

1 & . A & A &
F@) = 5= YU DE T =) P(cosd), 0F = 3 3 A+ st G =511, 0 = — Y Ql+Dsin’ 3,
2iq =0 q2 =0 q2 =0

6.4)
where ¢ is the phase vector of colliding particles in the center-of-mass frame of
reference, so that the energy of particles in a center-of-mass systemis e = h>g>/2m,.
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6.2 Collision Processes Involving Ions

Ions as a charged component of a plasma are of importance for plasma properties
which result from collisions in a plasma involving ions [115, 117-119]. Ion-atom
collisions with variation the ion momentum have a classical character, i.e. nuclei
are moving in these collisions along classical trajectories. These processes include
elastic ion-atom collisions and the charge exchange process. Elastic scattering of
ions on atoms at low energies is determined by their interaction at large distances
with the polarization interaction potential (5.5) between them. The peculiarity of the
interaction potential (5.5) is the possibility of particle capture that means approach of
colliding particles up to R = 0. The cross section of capture o), for the polarization
interaction potential is [112]
ae?

Ocap = 27 W’ (65)

where p is the reduced mass of colliding ion and atom, g is their relative velocity.

In reality, the interaction potential differs from the polarization one (5.5) at dis-
tances compared with atomic sizes and includes ion-atom repulsion at small sepa-
rations. Therefore the capture cross section (6.5) means only a strong approach of
colliding ion and atom. Nevertheless, the diffusion cross section of ion-atom colli-
sion for the polarization interaction potential (5.5) between them o7, is close to the
capture cross section (6.5) and is equal according to [116] o7, = 1.100 4.

Resonant charge exchange in ion collision with a parent atom proceeds according
to the scheme _

AT+ A - At + A, (6.6)

where tilde marks one of colliding particles. Usually at room temperature and higher
collision energies the cross section of resonant charge exchange exceeds remarkable
the cross section of ion-atom elastic collision, and therefore transport of ions in the
parent gas is determined by resonant charge exchange.

Considering the resonant charge exchange process as result of state interference,
we have for the electron wave function W (¢) instead of formula (5.8)

t t

/ (3 [
—/sgdt —i—ﬁexp —%/audt’ , 6.7)

—00 —00

V() = ﬂ exp

V2

where ¢, €, are the energies of the even and odd states at a given distance between
nuclei. From this one can find the probability of resonant charge exchange as a result
of ion-atom collision [120]
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P = [{(W (o)) ? =sin*(, ¢ = zl—h/ Adr, A=|gg—eul, (6.8)

and ( is the phase shift between even and odd states as a result of collision. This
exhibits the interference nature of charge exchange, so that the electron state is the
mixture of the even and odd states, and a phase shift between these states leads to the
electron transition from the field of one core to another one. In turn, the phase shift
is determined by the exchange interaction potential (5.8) in the course of collision.

The above expression (6.8) for the probability of the resonant charge process
respects to a two-state approximation when the atom and ion electron states are not
degenerated as it takes place if an atom A of the process (6.6) relates to elements
of the first and second groups of the periodical table, i.e. for atoms with valence s-
electrons. Nevertheless, this expression may be used within the framework of some
models [121-123] in other cases. In particular, the hydrogen-like model by Rapp
and Francis [121] with using the hydrogen wave functions in determination of the
ion-atom exchange interaction potential is popular. But one can construct in this case
a strict asymptotic theory by expansion of the cross section over a small parameter
that exists in reality. In contrast to model evaluations, the asymptotic theory allows
us to estimate the accuracy of the results within the theory accuracy because it is
expressed through a small parameter of the theory. We show this below.

Note the classical character of nuclear motion at not small collision energies [124]
(say, above those at room temperature). If an atom is found in a highly excited state,
the electron transition in the resonant charge exchange process has a classical char-
acter also [124] and proceeds when a barrier between fields of two cores disappears.
We consider another case related to atoms in the ground and lowest excited states,
when the transition has a tunnel character. Then we have a weak logarithm depen-
dence of the cross section of resonant charge exchange o,.; on the collision velocity v
[125, 126]

s (0) = C In? (%) , 6.9)

where C and v, are constants. Indeed, taking the basic dependence of the exchange
interaction potential A (R) onaion-atom distance R as A(R) « exp(—7R) according
to formula (5.10), one can represent the cross section of resonant charge exchange

in the form
Vo

2
Ores (V) = % [Ro + %m (—)} : (6.10)

v

where TR2/2 is the cross section at the collision velocity v,. Diagram of Fig.6.4
gives values of the cross sections of resonant charge exchange involving ions and
atoms in the ground states for various elements. The collision energy at which the
cross section is given corresponds to the laboratory frame of reference, where an
atom is motionless.

We will be guided by collision energies of the order of eV, at which the parameter
YR, in formula (6.10) is large. The diagram of Fig. 6.5 gives values of the parameter
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YR, for ions and atoms of various elements. From this it follows that this parameter
for various elements for the collision energy of the order of 1 eV ranges approximately
from 10 up 15. On the basis of this one can construct a strict asymptotic theory of
the resonant charge exchange by expansion the cross section of this process over a
small parameter 1/vR,. The first term of this expansion leads to the cross section of
resonant charge exchange in the form [127]

—c
0res () = TR ((R,) = S5 = 0.28, (6.11)

where C = 0.577 is the Eiler constant. Let us ignore elastic ion-atom scattering in
the charge exchange process, i.e. particles move along straightforward trajectories,
and the ion-atom distance R varies in time as R?> = p? = v*t?, where p is the impact
parameter of collision, and v is the relative velocity of colliding particles. Then the
cross section of resonant charge exchange is given by [128]

™ 5, 1 [7R,
Ures(v):ERov 3 WA(R(,):O.ZS, (6.12)

where the exchange interaction potential A(R) in this formula is determined by
formula (5.8). Then the cross section (6.12) of resonant charge exchange is expressed
through the parameters of the asymptotic electron wave function, when a valence
electron is located in the atom far from the core.

Because this theory represents the cross section as an expansion over a small
parameter 1/vR,, one can estimate the accuracy of the expression (6.12) within the
framework of the theory by comparison it with the results where the next terms
of expansion over a small parameter are taken into account. In the hydrogen case
(that is for the process H +H) the cross section of resonant charge exchange at the
ion energy of 1eV is [129] (173 £ 2)a§ as averaging of results with accounting for
the first and the second terms of expansion in different versions of this expansion.
Evidently the accuracy from this ~1% is the best accuracy that one can expect from
the asymptotic theory of resonant charge exchange described by formula (6.12) [129].
We estimate the accuracy of data for the cross section of resonant charge exchange
represented in diagram of Fig. 6.5 to be better than 2% for elements of the first and
second groups of the periodical table with the accuracy which is better, where ions
and their atoms are found in the ground states and resonant charge exchange results
from transition of s-electron.

Resonant charge exchange for ions and atoms of other groups of the periodical
table of elements becomes more complicated because the process of resonant charge
exchange is entangled with the processes of turning of atom angular momenta and
transition between states of fine structure. In particular, Fig.5.17 gives the low-
est electron terms in the case of collision C1* (3 P) + CI(?P) [100] which may be
responsible for resonant charge exchange. Below we will be guided on the average
cross section of resonant charge exchange that is averaged over initial values of atom
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and ion momenta and their projections. In particular, there are 18 electron even and
odd terms in the case of interaction C1* (> P) + CI(>P) (Fig.5.17) where the quantum
numbers are the total momenta J and j of an atom and ion and M, the atom momen-
tum projection onto the impact parameter of collision. Let us consider the case when
a valence p-electron is located in the fields of structureless cores. It is convenient
to compare the parameters in this case with those for s-electron if the asymptotic
radial wave functions (3.19) are identical in both cases. Then the exchange interac-
tion potential of ion and atom with a valence p-electron is expressed through that
A, for s-electron given by formula (5.10) as [97]

Am(R) = Ay(R) - HAEDCEImD 6.13)
T — mIpm]!

where [, m are the electron moment and its projection onto the molecular axis.

Table 6.1 gives the partial cross sections of resonant charge exchange with tran-
sition p-electron between two structureless cores, so that o, is the cross section
with participation of s-electron, oy is the cross section involving p-electron if the
momentum projection on the impact parameter of collision is zero, o; is this cross
section when the momentum projection equals to £1, the average cross section is
o = 010/3 + 2011/3. These cross sections relate to the “a” case of Hund coupling
where spin-orbit interaction is ignored. The cross sections o3, 03,2 correspond to
case “c” of Hund coupling where spin-orbit splitting of levels is relatively large. As
is seen, in the case “c” of Hund coupling the cross section is independent practically
of the total electron momentum. In addition, the average cross sections are nearby
for both cases of Hund coupling. Note that to this one-electron cases relate to ele-
ments of 3 and 8 groups of the periodical system of elements [61]. The accuracy
of the cross sections given in diagram of Fig. 6.5 are determined by the accuracy of
asymptotic coefficients A mostly and are estimated for these cases better than 5% at
low collision energies.

The average cross section of resonant charge exchange for ions and atoms with
noncompleted shells depends on the initial distributions over electron states of ions
and atoms as well as on the character of momentum coupling in them as it follows
from the analysis for halogens, oxygen and nitrogen [100, 130, 131]. Table 6.2 com-
pares the average cross sections for resonant charge exchange involving atoms and
their ions with valence p-electrons with those where atoms and ions contain valence
s-electrons, but parameters A and -y are identical in these cases. The cross sections of
resonant charge exchange for valence p-electrons relate to the case “a” of Hund cou-
pling where spin-orbit interaction may be ignored. Note that transition to elements of
6, 7 and 8 groups of the periodical system from elements of 3, 4 and 5 groups results
in transition from electrons to holes. The accuracy of the cross sections in diagram
of Fig. 6.4 in these cases is estimated better than 10% [132]. As is seen, though the
partial cross sections differ remarkable, the average cross sections are nearby for
different types of momentum coupling.

Representing the velocity dependence for the cross section of resonant charge
exchange in the form
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Tres(0) = o) () (6.14)

we obtain from formula (6.10)

<1

o =
YR,

Inreality, the exponent « differs from this value because of an approximated character
of formula (6.10). The values of this exponent for the resonant charge exchange
process involving various elements are given in diagram of Fig.6.5.

6.3 Elastic Collisions of Electrons with Atoms

Collisions of electrons with atomic particles in gases and plasmas determine some
transport properties of these systems and are an important object for the analysis.
The peculiarity of scattering of electrons on atomic particles is such that numerical
evaluations of the cross section of such processes at not large collision velocities are
non-reliable because of the sensitivity of results to weak exchange interactions of an
incident electron with internal atomic electrons. Therefore the reliable cross sections
of electron-atom collisions at not large electron energies follow from the experiment
only, whereas the theory gives general relations between parameters of these pro-
cesses. Basing on the theoretical analysis, we below consider a general picture for
electron-atom scattering, while numerical parameters of this picture follows from
the experiment.

Electron scattering on atomic particles in gases and plasmas has a quantum charac-
ter. Assuming the effective electron-atom potential to be spherically symmetric, one
can consider scattering of an electron on a motionless atom to be independently for
different electron momenta /. This is a basis of the partial wave method [136], where
the scattering parameters are the sum of these partial parameters at certain /. The
characteristic of electron-atom scattering for a given / is the scattering phase ¢;, that
describes the asymptotic wave function of the electron-atom system at large distances
between them. Formulas for the differential cross section do = 27| f () |2d cos ¥ of
electron-atom scattering, the scattering amplitude f(¢), the diffusion cross section
o* and the scattering phases d; have the form [46, 136]

1 < 5 4 &
F@) = 5= 3 QLA+ D@ = DPcos), o = =5 3 (1 + 1) sin’ (3 = Gira).
95 T =0

(6.15)
where ¢ is the electron wave vector, so that the electron energy ¢ is expressed through
the electron wave vector by the relation e = h%q?/2m, (m, is the electron mass). We
account for the electron mass to be small in comparison with the atom mass, so that
the reduced mass of colliding particles coincides practically with the electron mass.
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Note that the partial wave method is suitable for electron scattering on a structureless
atom.

In the limit of small values of the wave vector g, scattering parameters (6.15)
are expressed through the zero phase only, that is given by §, = —Lg in this limit,
where L is the scattering length. Correspondingly, the scattering parameters (6.15)
are equal in this limit of small g

fW) =-L, ¢*(0) = 4rL? (6.16)

If we approximate the effective electron-atom interaction potential as a short-range
one, the effective interaction potential U (r) is expressed through the scattering length

L by formula [90]
2

Uy (r) = 27L h—é(r), 6.17)
m

e

if the electron wavelength exceeds a size of the atom potential well. The scattering
length coincides with the atom effective radius [137], if the assumption is used that
an electron cannot penetrate inside a region that is restricted by the effective radius.
In addition, Table 6.3 contains values of the scattering length for an electron on inert
gas atoms.

Note that parameters of electron-atom scattering are introduced through the behav-
ior of the wave function of a scattering electron where an interaction between the
incident electron and valence electrons of an atom becomes weak. One can define
the electron-atom scattering length assuming that interaction takes place in the atom
region which size is small compared with the wavelength of an incident electron.
Then the definition of the electron-atom scattering length L follows from the follow-
ing boundary condition for the wave function W of the scattered electron

dln\IJ| 1 6.18)
dr == ’

where r is a distance of the scattering electron from the atom center. In this def-
inition, the scattering length is determined by electron-atom interaction inside the
atom, where a one-electron approximation is not correct, i.e. the wave function of a
scattering electron is entangled with the wave functions of atomic electrons, and a
resultant exchange interaction has a complex form.

If the electron-atom scattering length is negative, the zero scattering phase ¢,
becomes zero at a low electron energy, whereas other scattering phases d; are small.
As a result, the electron-atom cross section (both diffusion, and total) acquires a
deep minimum at low electron energies that is known as the Ramsauer effect [141,
142]. According to the data of Table 6.3, the Ramsauer effect is realized in the case of
electron scattering on argon, krypton and xenon atoms. Figure 6.6 gives experimental
values of the diffusion cross section of electron scattering on a xenon atoms based
on measurements [143—147], and Fig. 6.7 represents the diffusion cross sections of
electron scattering on inert gas atoms which result from the sum of measurements
[138].
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In the case where the electron-atom interaction potential is the sum (6.17) of a
short-range interaction potential and the polarization interaction potential U;(r) =
—ae?/2r* as a long-range interaction potential, these interactions may be divided
at low electron energies, and the the scattering phases ¢; may be represented in the
form of expansion over a small electron wave vector g [148, 149]. This expansion
is based on a small parameter ga/La, (a, is the Bohr radius).

In this limit the electron scattering phase is 6, = —Lg, and this may be also a
definition of the scattering length L. Correspondingly, the cross sections of electron-
atom scattering at small electron energies are equal to

a*(0) = 0,(0) = 47 L> (6.19)

Other scattering phases have a more strong dependence on the wave vector in the
limit of its low values. In the case of the polarization long-range interaction U (r) =
—ae?/2r* at an electron distance  from an atom and a short-range interaction in the
form (5.11), the scattering amplitude at low electron energies is [150]

g Y (6.20)

f@) =L =5 siny

This expansion leads to the following expression for the diffusion cross section of
electron-atom scattering [150, 151]

8 2
o =l (1= 2x +2x2), x = M 6.21)
5 3 2La,
This cross section has a minimum if the wave vector is guin = —12La,/(S7a) (x =

6/5) and the minimal cross section is 25 times lower than that at zero electron
energy. Though this analysis with using a short-range and polarization electron-atom
interactions exhibits a deep minimum in the diffusion electron-atom cross section
at a negative electron-atom scattering length, in reality the minimal cross section
lower compared to this and differs from the cross section at zero electron energy by
approximately two orders of magnitude. Table 6.3 contains the energies €,,;, at which
the minimum cross section of elastic electron-atom scattering is observed for inert
gas atoms, as well as values of the minimal cross sections a; (€,,;,,) at such energies.

The above analysis relates to electron scattering on a structureless atom. In the
case of electron scattering on atoms with noncompleted electron shells, different
channels of electron scattering are present in the scattering amplitude. Let us consider
as an example electron scattering on an alkali metal atom in the ground state, where
the total electron-atom system may have a spin S = 0; 1, and scattering proceeds
independently in each channel, so that at zero electron energy the diffusion cross
section of electron atom scattering is equal to

0*(0) = 0,(0) = 7(L2 +3L}), (6.22)
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where L, and L; are the electron scattering lengths if the total spin of the electron-
atom system is zero and one correspondingly. These scattering lengths are given in
Table 6.4. Note the importance of the resonance 3 P in electron scattering on alkali
metal atoms. Parameters of this resonance, the excitation energy of this autodetaching
state E, and its width I',, are given in Table 6.4.

6.4 Elementary Processes in Atmospheric Plasma

Processes in excited and ionized gases are determined a current state of an atomic
system and its evolution. Because of a large variety of these processes, various
physical situations are possible for a state and development of an atomic system. As
a demonstration of a variety of such processes, we represent below rates of processes
which partake in an atmospheric plasma [33, 135, 152, 153] which consists of
atomic particles of nitrogen and oxygen only. Table 6.5 contains the rate constants
of processes where electrons are generated or are lost. Since ions are the basic
charged atmospheric component, the processes involving ions are of importance for
electric phenomena in the Earth’s atmosphere. The rate constants of processes of
ion chemistry in the atmosphere are given in Table 6.6. These processes include both
positive and negative atmospheric ions. The rate constants of chemical processes in
atmospheric air are given in Table 6.7. Table 6.8 represents values of the rate constants
for three-body processes at room temperature with participation of atmospheric ions.

Figures

Fig. 6.1 Parameters of classical scattering in the center-of-mass frame of reference for colliding
particles. An arrow indicates the direction of the particle trajectory in the center-of-mass frame of
reference, p is the impact parameter of collision, r, is the distance of closest approach, ¥ is the
scattering angle
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Fig. 6.2 1—the interaction potential of atomic particles for the hard sphere model, 2—real inter-
action potential of atomic particles

Fig. 6.3 The character of scattering within the framework of the hard sphere model
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Fig. 6.4 Cross section of resonant charge exchange
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Fig. 6.5 Parameters of cross section of resonant charge exchange
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Fig. 6.6 The diffusion cross section of electron scattering on the xenon atom [143-147]
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Fig. 6.7 Diffusion cross section of electron scattering on inert gas atoms depending on the electron
energy [138-140] according to measurements
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Table 6.1 The partial cross sections of resonant charge exchange with transition of p-electron
between two structureless cores [61]

Roy 6 8 10 12 14 16

010/00 1.40 1.29 1.23 1.19 1.16 1.14
a11/0, 1.08 0.98 0.94 0.95 0.912 0.91
a/o, 1.19 1.08 1.04 1.01 0.99 0.99
01/2/00 1.18 1.10 1.07 1.05 1.04 1.03
03/2/00 1.18 1.10 1.06 1.04 1.03 1.02

Table 6.2 The reduced average cross sections of resonant charge exchange for atoms of 3 (03), 4
(04) and 5 (o5) groups of the periodical system of elements in the case “a” of Hund coupling [61,

133]

Roy 6 8 10 12 14 16
03/0, 1.17 1.09 1.05 1.03 1.02 1.03
04/0, 1.50 1.32 1.23 1.18 1.14 1.12
05/0, 1.44 1.29 1.22 1.17 1.14 1.11

Table 6.3 Parameters of the total cross section o, for electron scattering on inert gas atoms [50,

138]

Atom He Ne Ar Kr Xe

L/a, 12 0.2 —-1.6 —-35 —6.5
(e =0), A2|5.1 0.14 9.0 43 150
Emin, €V - - 0.18 0.32 0.44
o1(emin)s A2 |- - 0.88 3.8 13

Table 6.4 Electron scattering lengths on alkali metal atoms L, and L, and the parameters of the

autodetaching state 3 P for the negative alkali metal ion with the spin of one [50]

Li Na K Rb Cs
Ly/a, 3.6 4.2 0.56 2.0 2.2
Li/a, —-5.7 -59 —15 —17 —24
E,, eV 0.06 0.08 0.02 0.03 0.011
I, eV 0.07 0.08 0.02 0.03 0.008
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Table 6.5 Rates of collision processes for formation and loss of electrons in atmospheric air. The
rate constants k of pair processes are given in cm>/s and correspond to room temperature if the

temperature or energy are not indicated

Type Number Process Rate constant,
cm3/s
Dissociative 1 e+Ni = N+N 2-1077
recombination
2 e+0,>0+0 2.1077
3 e+NOT - N+0O 4.1077
4 e+Nj — Np + N5 4.1077
5 e+0f — 0,+0F 2.3-107°,
T=205K
Associative 6 O +0—>e+0,+3.6evV |2-10710
detachment of
negatlve ons
O~ +N—>e+NO+5.1ev [3.10710
0~ +Ny » e+NoO+0.2eV|1-10714
0~ +0,('4ay — 3.10710
e+ 03 +0.5¢eV
10 0~ 4+NO — e¢+NO, +1.6eV | 1.4- 107"
11 0 +0)—>e+03—04eV |k<1-10712
12 0~ +03 > e+20,+2.8eV |3-10710
13 0, 40— e+ 03+0.6eV | 3-10710
14 O, +N— ¢+NO; +4.1eV [5-10710
15 0; +0 — e+20, 1-10710
16 OH™ +0 — e+ H;0+0.9eV [2-10710
17 OH™ +N — ¢e+HNO+24eV [k <1-107"!
Electron release 18 0; +02 - e+20,—0.4eV |2- 10°18
19 0, +0:(1ay) — 2.10710
e+20;+0.6eV
20 05 +N; — e+0,+0,—0.4eV | 210716
21 NO~ + NO — ¢ + 2NO 6-10"12
Electron 22 e+20;, > 05 +0, K =3-10"cmS/s
attachment
23 e+0,+N, - 0; +N; K = 11073 cm/s
24 e+0, >0 +0 k=
210710 cmd/s,
e=6.5eV
Formation of free |25 0" +03 —> ¢+20; +26eV [k=3.10"10
electrons
26 0, +0; > e+03+0.62eV  k=3-10"10
27 0" +0y > e+03—042eV |k <1-10712
Dissociation 28 e+0y—>20+e k=2-10"19,

e > 6eV
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Table 6.6 Rates of collision processes involving of positive and negative ions in air. The rate
constants k of pair processes are given in cm>/s and correspond to room temperature

Type Number Process Rate constant,
cm?/s
Charge exchange |1 NS +0; — N +07F +3.51eV | 110710
2 0t +0; > 0+05 +1.57eV |2- 107!
3 NT+0; > N+07F +2.46eV | 1.4-10710
4 NO + 05 — 4.4.10710
NO* + 0, +2.81eV
5 O*+NO — O+NO'+4.35¢eV [k < 1.3-10712
6 Ny +H,0 — 2.3-107%s
N; + HOt +2.97eV
7 0, +0— 0, +0~ +1.02¢V | 3-10710
8 0~ +03 - 0+05 +0.65¢V | 8-10717
9 NO~ + 0, — 7-10710
NO + 0; +0.41eV
10 0, +03 — 0,+0; +1.67eV [6-10710
Ion-molecular 11 N3 +0 — NOT +N+3.05¢V | 1.4- 10710
reactions
12 Ot +N; > NOT+N+1.1eV | 1.3- 10712
13 N*t+0; > 0" +NO+2.3eV [4.5-10710
Charge exchange | 14 N;’—i—Oz — N2+N+O'2"0.56V 7.4-1071
dissociation
15 Nf +0; - 2N, + 052.6eV [3.10710
Exchange 16 N +H,0 — 2.4-107°
ion-molecular 2Np + H,OT +2.1eV
reactions
17 05 N2 +0; — 2.5-1071,
Of + Ny +0.2¢eV T =80K
18 OF -Np + H,0 — 4.107°
OF -H,0+N; +0.5¢eV
19 0 +H,0 — 1.8-107°
OF -H,0+ 03 +0.3eV
20 H30" - OH + H, O — 2.3.107°
H;0" - H,0 + OH
21 NH] - H,0 + NH3 — 1.2-107°
NH/ - NH; + H,0
22 0; +NO; - NO3 +0~ +0, (2.8 10710
23 0; +0— 0; +0, 4.10710
24 0, - (H,0); +NO — 2.107°

NOj3 - H0 + H;O
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Table 6.7 Rates of collision processes in atmospheric plasma involving neutral atomic particles.
The rate constants & of pair processes are given in cm’/s and correspond to room temperature

Type Number Process Time (7) or rate
constant (cm3/s)
Radiation of 1 0ols) - 0('D) + hw 7=08s,
metastable atoms A =558nm
2 0o('D) - OCP) + hw 7=140s,
A = 630nm
3 NCDsp) - N(*S) +hw  |7=14-107s,
A = 520nm
4 NCD3p) = N(*S) + hw |7 =6-10%s,
A = 520nm
Quenching of 5 20,14, — k=2-10""7cms
excited atoms and 0, +0y(! Eg‘*' )
molecules
7 0,(14Ay) + 0, — 20, k=2-10"8cm’/s
8 02('Z)+ N2 > 02+ N |k =2-10""7cm¥ss
9 No(A’ZH) 4+ 0, — k=4-10""2cm’/s
Nz + 02
10 O('D)+0; - 040, k=5-10""cm’/s
11 O(!'D)+ Ny > O+ N, k=6-10""1cmd/s
12 0!8 +0, > 0+0, k=3-10"Bcm’/s
13 0(l$)+0—-0+0 k=7-10""2cm’/s
Chemical reaction | 14 O+ 03 - 20, k=7-10""cm’/s
Three body 15 0+20; - 0340, K =7-10"3cm®s
association
16 0+0,+N, > 03+Ny |K=6-10"**cm®s
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Table 6.8 The rate constants of three body processes involving positive and negative ions of air
components. The rate constants are expressed in cm®/s and correspond to room temperature if the

temperature is not indicated

Number Process Rate constant, cm®/s
1 0f +20, - Of + 0, 1072, T=200K
2 CO* +2C0 — CO* - CO + CO 13.107%8
3 COJ +2C0O; — COJ -CO, +CO, |2.4-1078
4 NOT + 2NO — NO* - NO + NO 5-107%
5 COJ +2C0O — COj - CO + CO 3.5-10728
6 COT-CO+2CO — CO™-(CO),+CO (3.9 10730, T=280K
7 0 +H,0+N; - OF -H,O+N, [2.6-1073
8 Of +H,0+0; - O -H,0+0; |2-107%8
9 NOJ +H,0+N; — NOJ -H,O+N; |5- 10728
10 0~ +20, - 0; +0; 9-1073!
11 05 +20; — 0] + 02 4.1073!
12 0~ 4+ CO; + 0y — CO3 + 02 2-107%8
13 0~ +2C0; — COj3 + CO, 2-107%
14 0~ +H,0+0;, - 0" -H,0+0;, [1.2:-10738
15 0, +H,0+0; —» 0, -H,0+0, |1.9-10728
16 0; +2N; - 07 -Na + N 1.5-1073
17 0; +H,0+0; - 0; -H,0+0, |24-10728
18 CO; +H,0+0; — CO; -H,0+0, | 110728
19 OH™ +CO, + 0, — HCO; +0,  |7.6-10728
20 OH™ +H,0+0; — OH™ -H,0+0, |2.5- 10728
21 NO, +H;0+0; — NO, -H,0+0, | 1.6- 1072
22 NO; +H,0+NO — NO, -H,0+NO | 1.5 - 103
23 0; -H0+ H,0+0; — 5.-10728
0; - (H0); + 0,
24 OH™ -H;0 +H0+ 0; — 35.107%8
OH™ - (H,0)2 + O
25 O +0F +N, > 0+0,+N; 7-10726
26 NO, +NO* +N; — NO+NO; +N, | 11072




Chapter 7
Transport Phenomena in Gaseous Systems

Abstract Values of transport coefficients of gases are given and include diffusion
of atoms, thermal conductivity and viscosity of gases. Parameters of electron and ion
drift in gases in an external electric field are represented.

7.1 Transport Coefficients of Gases

Transport coefficients characterize the connection between weak gradients of some
quantities and fluxes. The diffusion coefficient D for atoms or molecules in a gas is
the proportionality coefficient between the flux j of these atoms and the gradient of
their concentration c, that is

j=-DN,Vc, (7.1)

where N, is the total number density of gas atoms or molecules. If the concentration
of atoms of a given type is small (¢; < 1), i.e. this component is a small admixture
to a gas, this formula may be reduced to the form

j=—-Di;VN;, (7.2)

where N; is the number density of atoms of a given component. The thermal con-
ductivity coefficient of a gas « is defined as the proportionality coefficient between
the thermal flux q and the temperature gradient VT, i.e.

q=—kVT (7.3)

The viscosity coefficient 7 is the proportionality coefficient between the friction
force F per square unit of a moving gas and the gradient of the average gas velocity.
In the frame of reference where the direction of the average gas velocity w is x
and the average velocity varies in the direction z, the friction force is proportional
to the quantity dw, /0z and acts on the surface xy. Correspondingly, the viscosity
coefficient n is defined as

ow
F=—n—, (7.4)
0z
and this definition holds true both for a gas and for a liquid.
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Transport coefficients in a gas are determined by collision processes. Because the
elastic cross section of collision of atomic particles in an atomic or molecular gas
at not high temperatures is large compared to cross sections of inelastic processes,
the transport coefficients of a gas are expressed through average cross sections of
elastic collisions of atomic particles. The simple connection between these quantities
takes place in the Chapman-Enskog approximation [154—156] that corresponds to
an expansion of corresponding values over a small numerical parameter, and the
accuracy of the first Chapman-Enskog approximation is estimated as several percent.
The diffusion coefficient D of a test atom or molecule in a gas is given in the first
Chapman-Enskog approximation by [154, 155]
¢ 2

1
5= QU)(T) = E/e*’rza*(z)dt, ‘= % (1.5)

0

. 37T
~ 8N.2u7’

Here T is the gas temperature expressed in energetic units, N is the number density
of gas atoms, p is the reduced mass of a test atom and a gas atom, o*(g) is the
diffusion cross section of collision of these atomic particles at a relative velocity
g of collision; brackets mean an average over atom velocities with the Maxwell
distribution function.

The thermal conductivity coefficient « in the first Chapman-Enskog approxima-

tion is given by
_ 25dnT
- 325, /m

where m is the mass of an atom or molecule, an average of the cross section of elastic
collision is made on the basis of the following formula

K (7.6)

o0
2
7 = QP = / t2exp(—t)oP(n)dt, t = %, o(T) = f(l — cos? ¥)do,
0
(7.7)
The viscosity coefficient 7 of the first Chapman-Enskog approximation is deter-

mined by formula
Sv/nTm

) 7.8
240, (7.8)

T]Z

where the average cross section o5 is given by formula (7.7). In this approximation
the coefficients of thermal conductivity and viscosity are connected by the relation

_ 15 (7.9)
’£_4m77 '

Formulas (7.5), (7.6), (7.8) for the first Chapman-Enskog approximation are sim-
plified if particle collision is described by the hard sphere model (6.3). Then the
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average cross sections are given by

_ 2
o =0, 0 =—0,, (7.10)

3

where 0, = mR2, and R, is the hard sphere radius. This leads to the following
expressions for the transport coefficients instead of formulas (7.5), (7.6), (7.8)

37T ) 54/ 7T _ 15/ 7Tm (7.11)

- 82uUN,0, "= 640,4/m g 480,

Values of the coefficients of self-diffusion are given in Table7.1 and are reduced
as usually to the normal density of atoms or molecules N, = 2.687 - 10! cm~3
(T =273 K, p=1 atm) because the diffusion coefficient is inversely proportional
to the number density N, of gas atoms. Approximating the temperature dependence
of the diffusion coefficient as

T Y
D=D, (—) , (7.12)

300

where the temperature is expressed in K, and the parameters of this formula are based
on the data [157, 158] for the temperature range T = 300—1500 K and are given in
Table7.2. Note that within the framework of the hard sphere model according to
formula (7.11) we have v = 1.5 since the number density of atoms is inversely
proportional to the temperature. In addition to these data, the diffusion coefficients
of metal atoms in inert gases at temperature 7 = 500K are given in Table 7.3.

The gas-kinetic cross section is introduced within the framework of the hard sphere
model on the basis of the expression for the diffusion coefficient (7.11), whose value
is taken at room temperature. We have the following relation between the gas-kinetic
cross section o, and the diffusion coefficient D

047 |T
oy = — (7.13)
N,D\ p

where N, is the number density of atoms or molecules, D is the diffusion coefficient,
T is room temperature expressed in energetic units, £ is the reduced mass of colliding
particles. The values of gas-kinetic cross sections o, defined on the basis of formula
(7.13) are given in Table7.4.

Values of the thermal conductivity coefficients of inert gases are given in Table 7.5
at pressure of 1 atm, and Table 7.6 contains the viscosity coefficients for these gases
at atmospheric pressure where the pressure dependence is weak.

In addition, these transport coefficients in the first Chapman-Enskog approxima-
tion [154, 155] are connected by the relation
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Scyn
R =
2m

(7.14)

Here & is the thermal conductivity coefficient, ) is the viscosity coefficient, cy is the
heat capacity per atom or molecule that for ideal gas is cy = 3/2, and m is the mass
of an atom or molecule.

Table 7.7 lists the diffusion coefficients of excited atoms and molecules in a par-
ent gas. Comparison with data of Table7.1 exhibits that diffusion coefficients of
excited atoms exceeds those for atoms in the ground state because of a more strong
interaction.

Table 7.8 gives the values of conversational factors for units in which transport
coefficients in gases are represented.

Explanations to Table 7.8.

1. The coefficient of thermal conductivity of gases in the first Chapman-Enskog
approximation is k = 257 T /(324/ma3). Here T is the gas temperature, m is
the atom or molecule mass, &, is the average cross section of collision between
gas atoms or molecules in acordance with formula (7.7).

2. The gas viscosity in the first Chapman-Enskog approximation n = 5+/7Tm/
(24575,); notations are the same as above.

7.2 Ion Drift in Gas in External Electric Field

In consideration the ion motion in a gas under the action of an external electric field
of strength E, we restrict ourselves by limiting cases of low and high electric fields.
The limit of low electric fields corresponds to the criterion

eEXNKLT, (7.15)

where A\ = 1/(N,0) is the mean free path of ions in a gas, ¢ is the cross section
of ion-atom scattering on large angles, N, is the number density of atoms, and we
assume the ion and atom masses to have the same order of magnitude. In this limiting
case the ion drift velocity, i.e. its average velocity, is proportional to the electric field
strength

w=EK, (7.16)

and this is the definition of the ion mobility K at low electric fields where it is
independent of the electric field strength.

The diffusion coefficient of a charged particle in a gas D is connected with the
ion mobility K by the Einstein relation [161, 162]

KT
N e

D (7.17)
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Here T is the gas temperature, and the Einstein relation follows from the equilibrium
condition that leads to equality of the diffusion and drift fluxes. Note that though
this relation is called the Einstein relation, it was derived by Townsend several years
before [163], and Einstein used these results in the analysis of Brownian motion of
particles [164]. The Einstein relation (7.17) allows us to find the following formula
for ion mobility K on the basis of expression (7.5) for the diffusion coefficient

K- 3/ me
 8/2uNgo*’

where o* is the diffusion cross section for ion-atom collision.

The diffusion cross section of ion-atom scattering under the action of the polar-
ization interaction potential (5.5) between them is close to the capture cross section
and is equal to [134, 165]

(7.18)

oe?

ot (v) = /(1 — cosP)do = 2217 | —, (7.19)
1g

i.e. exceeds the capture cross section by about 10%. For this cross section the ion
mobility reduced to the number density of gas atoms N, = 2.69-10'> cm~3 is given
by the Dalgarno formula [116, 165]

36 cm?

K=—"——r,
Jap Vs

where the ion-atom reduced mass is expressed in atomic mass units (1.66 - 10724
g), and the polarizability is given in atomic units (a2). It is of importance that this
mobility does not depend on the temperature, and ion parameters are taken into
account only by the ion-atom reduced mass.

Table 7.9 contains the mobilities of alkali metal atoms in inert gases and nitrogen
at room temperature in zero electric field [166—171]. These data allow us to check
the accuracy of the Dalgarno formula (7.20) for the mobility of ions in a foreign
gas. Indeed, Table7.10 contains the ratio of experimental mobilities of alkali ions
in inert gases and nitrogen at room temperature [166—171] to those calculated by
formula (7.20). One can see that experimental data exceeds the theoretical ones, and
the statistical treatment gives for the average value of this ratio 1.15 £ 0.10. From this
one can obtain that the Dalgarno formula (7.20) may be used for a rough evaluation
of the ion mobility of ions. One can correct the Dalgarno formula with taking into
account experimental data, and then we have

(7.20)

41 + 4 cm?
K_

= Jan Vs’ (7.21)
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and the indicated accuracy (~10%) is the statistical one, and the real divergence
from formula (7.21) may be more. In particular, he ratio of the mobility of alkali
metal ions in helium to that given by formula (7.21) is equal to 1.13 & 0.06. Thus,
one can suggest formula (7.21) for a rough evaluation of the ion mobility in gases
and conclude from this that the ion-atom polarization interaction gives the basic
contribution to the ion mobility in a gas.

On the basis of the Einstein relation and formula (7.21) we have for the ion
diffusion coefficient in a gas

_1.0£0.1cm?
- Jap s

which is taken as usually under normal conditions.

If atomic ions are moving in a parent atomic gas in an electric field, scattering of
ions has a specific character according to the Sena effect [125, 126], as it is shown
in Fig.7.1. Then colliding ion and atom move along straightforward trajectories, but
the process of charge exchange changes a charged particle, so that electron transfer
to another atomic rest leads to effective ion scattering. This takes place, in particular,
at room gas temperature, where the elastic cross section of ion-atom scattering is
less than the cross section of resonant charge exchange. Then the cross section of
resonant charge exchange determines the mobility of ions in a parent gas.

Indeed, in absence of elastic ion-atom scattering in the center-of-mass frame of
reference the ion scattering angle is ¥} = m, and the diffusion cross section of ion
scattering in absence of elastic scattering is [172]

(7.22)

o= f(l —cos)do = 20,5, (7.23)

where o, is the cross section of the resonant charge exchange process. Then, assum-
ing the cross section o, of resonant charge exchange to be independent of the col-
lision velocity, we obtain from formula (7.18) for the ion mobility in a parent gas in
the first Chapman-Enskog approach [173]

0.331e

K; =
! Na\/ TmaUres (22UT)

(7.24)

where the collision velocity is vy = /2T /m,, and the argument of the cross section
of resonant charge exchange o, indicates a velocity at which this cross section is
taken. The second Chapman-Enskog approach [174] exceeds the ion mobility by
1/40 and gives for the ion mobility in a parent gas in the absence of elastic scattering
[134, 151]

0.341e

K =
No/Tmg0res(2.1v7)

(7.25)
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Reducing the mobility to the normal number density of atoms N, = 2.69 - 10"

cm™3, one can rewrite formula (7.25) to the form [134, 151]

1340 cm?
v Tmaares(2~1vT) Vs

where the temperature T is given in Kelvin, the atom and ion mass m, = M are
equal and are expressed in units of atomic masses, and the resonant charge exchange
cross section is given in 10~'5 cm?; the argument indicates the collision velocity
that corresponds to the collision energy 4.57 in the laboratory frame of reference.
Diagram of Fig. 7.2 contains the values of the mobilities of atomic ions in parent gases
attemperatures 7 = 300, 800 K. The accuracy of this formula is approximately 10%.

Accounting for elastic ion-atom scattering due to the polarization ion-atom inter-
action, we obtain for the ion mobility in a parent gas at zero electric field [132,

134]
K K, JVaer/T
= . X =
1+ x+ 2 Ores (WTST/M)

where K, is the mobility in ignoring elastic scattering according to formula (7.25),
« is the atom polarizability. This formula accounts for transition to the limits of low
and high temperatures. The contribution to the ion mobility in a parent gas of elastic
ion-atom scattering due to the polarization interaction is given in Table 7.11 for inert
gases and alkali metal vapors [134]. Note that taking into account elastic scattering
leads to a decrease the ion mobility.

The diffusion coefficient of ions in a parent gas at zero field follows from the
Einstein relation (7.17) and formula (7.24) is given by

K — (7.26)

(7.27)

T 1
D = O.IZ&W, (7.28)

where the diffusion coefficient is expressed in cm?/s, and other are explained in
formula (7.24).
In the case of strong electric fields

eEX>T, (7.29)
the velocity distribution function of ions in the electric field direction x has the

following form, if we ignore elastic ion-atom scattering and assume the cross section
of resonant charge exchange to be independent of the collision velocity [125]

(v,) = C Moy 0 (7.30)
f(vy) = Cexp VA Vy > .

Here C is the normalization constant, and this formula gives for the ion drift velocity
w; and the average ion energy
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i =V =4 ———, E= — = — 7.31
wi=v M ST 2 2 (7.31)

Accounting for the velocity dependence for the cross section of resonant charge
exchange, it is taken in formula (7.31) at the ion velocity 1.44/eEX/M in the labo-
ratory frame of reference (an atom is motionless). The diffusion ion coefficients in
the field direction Dy and in the perpendicular direction to it D, are given by [35]

T\ D Muw? EX
Dy =0.137 \w, D, = —, —L = 0.137—— = 0.087 2= (7.32)
Mw' D, T

The ion drift velocity is given by formulas (7.15) and (7.29) in the limit of low electric
field strengths and by formula (7.31) in the limit of largeelectric field strengths. One
can construct the ion drift velocity in an intermediate range of electric fields. Indeed,
let us introduce the parameter

eE

- K
T NyOyes

&) (7.33)

and in the first approximation assume the cross section of resonant charge exchange
to be independent of the collision velocity. Let us represent the ion drift velocity in

the form
w =/ Z—Tq)(ﬂ), (7.34)
m

and according to formulas (7.24) and (7.3 1) the limiting dependencies for the function
@ (B) have the form

O(B)=0483,8K1; ®(P) = \/g B> 1 (7.35)

As follows from the solution of the kinetic equation [175, 176] for the ion distribution
function on velocities, the reduced ion drift velocity ® () may be approximated by
the dependence [134, 176]

0.483

*0) = (1 + 0.2233/2)1/3

(7.36)

The dependence & () for intermediate values (3 is given in Fig.7.3.
Table 7.12 contains conversational factors between transport coefficients.
Explanation to Table7.12.

1. The Einstein relation (7.17) for the diffusion coefficient of a charged particle in
agas D = KT /e, where D, K are the diffusion coefficient and mobility of a
charged particle, T is the gas temperature.
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2. The Einstein relation (7.17) for the mobility of a charged particle in a gas K =
eD/T.

3. The diffusion coefficient of an atomic particle in a gas in the first Chapman-Enskog
approximation according to formula (7.5) D = 3./27T/u/(16N,o7), where T
is the gas temperature, N, is the number density of gas atoms or molecules,
is the reduced mass of a colliding particle and gas atom or molecule, 77 is the
average cross section of collision.

4. The mobility of a charged particle in a gas in the first Chapman-Enskog approxi-
mation according to formula (7.18) K = 3e+/27/(T )/ (16N,&7); notations are
the same as above.

5. The parameter of ion drift in a gas in a constant electric field £ = eE /(T No),
where E is the electric field strength, T is the gas temperature, N is the number
density of atoms or molecules, o is the cross section of collision.

7.3 Electron Transport in Gases

If an electron is located in a gas in external electric field, its drift is restricted by
electron-atom elastic collisions. The cross section of electron-atom scattering at
energies up to several eV is determined by a finite number of collision momenta, and
hence this process has a quantum character. Table 7.13 contains reduced zero-field
mobilities of electrons in inert gases at room temperature K, N, (K, is the electron
mobility, N, is the number density of gas atoms) and the values of the reduced
diffusion coefficients of electrons D, N, (D, is the diffusion coefficient of electrons)
which are connected with the electron mobilities by the Einstein relation (7.17).

Being moved in an atomic gas in an external electric field, electrons obtain energy
from the field and transfer it to atoms in elastic collisions until the electron energy
does not allow to excite atoms. In each strong collision an electron is scattered on a
large angle, so that the electron momentum changes significantly, whereas its energy
varies weakly. Therefore the electron distribution function on velocities is close to
a spherically symmetric one. Hence, the electron drift velocity w and the diffusion
coefficient for an electron in a gas D, in the perpendicular direction to the field
are expressed through the spherical distribution function of electrons on the basis of
following expressions [177]

_eE 1d /v D—l v? 737
w-rm<ﬁa(7)>’ “5((7)) 737

Here brackets mean an average with the spherical distribution function on electron
velocities, and the rate of electron elastic scattering in a gas is ¥ = N,vo*(v), where
N, is the number density of atoms, v is the electron velocity. In the simplest case
where the rate of electron elastic scattering v is independent of the electron velocity
v, these formulas take the form
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) De = (7‘38)

The data of Table7.14 for the electron drift velocity in some atomic and molecular
gases in an external electric field show that this case is not realistic. Note that the
drift velocity depends on the reduced electric field strength E/N,, where E is the
electric field strength, and the unit for this quantity is Townsend 1 Td=10""7 V cm?.

This character of electron processes when an electron takes an energy from an
external electric field and then transfers it to atoms as a result of elastic and inelastic
collisions takes place in a gas discharge plasma. A gas discharge plasma results from
passage of electric current through a gas under the action of an external electric
field. Collision of electrons with atoms in a gas discharge plasma establish a self-
maintaining equilibrium inside it.

Electron-atom collisions in gases and plasmas are of importance both for plasma
processes and for transport processes in ionized gases [111, 181, 182]. The basic
process among these ones is drift of electrons in gases under the action of an external
electric field. Figures 7.4, 7.5, 7.6, and 7.7 give the dependence of the electron drift
velocity w, on the specific electric field strength E /N, (E is the strength of an external
electric field, N, is the number density of gas atoms or molecules) in helium, argon,
xenon and mercury correspondingly. Note that according to these experimental data
in all the cases one can extract three ranges of the specific electric field strength. In the
range 1 an external field is relatively small and the average energies of electrons and
atoms are identical. In the second range, the saturation range, the average electron
energy is small compared to the atom excitation energy, and the electron drift velocity
results from elastic electron-atom collisions. In the range 3 inelastic electron-atom
collisions become essential, and the power resulted from electron interaction with
an external electric field is consumed on atom excitation.

One can introduce the Townsend characteristic energy [185] which is the ratio of
the electron diffusion coefficient to the its mobility K, that is defined as K, = w,/E.
It is convenient to define the Townsend characteristic energy as

eDJ_ eEDJ_
L= =—", (7.39)

since in the limit of low electric field strengths according to the Einstein relation the
ratioeD /K, is the gas temperature expressed in energetic units. At arbitrary electric
field strengths the value eD, /K, characterizes a typical electron energy. Figure 7.8
gives the dependence of this value on the electric field strength in the case of electron
drift in argon.

In addition, Tables7.15 and 7.16 contains transport coefficients of electrons in
in helium and argon under the action of an electric field [187]. The number den-
sity is small, and transport of electrons in these gases is determined by collisions
of electrons with atoms. The limit of low electric field strength where electrons are
characterized by the Maxwell velocity distribution function with the gaseous tem-
perature, corresponds to the criterion E/N, < 0.003 Td in the helium case and at
E/N, <« 3-107* Td in the argon case.
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Figures
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Fig.7.1 Atom and ion are moving along straightforward trajectories, and resonant charge exchange

takes place, so that a valence electron transfers to another atomic rest. This leads to effective ion
scattering within the framework of the Sena effect
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Fig. 7.3 The dependence of the reduced drift velocity of atomic ions in a parent gas ® on the

reduced electric field strength (3 (solid curve) in accordance with formula (7.36). Dotted curves
correspond to limiting cases
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Fig. 7.4 Electron drift velocity w, in helium as a function of the specific electric field strength
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Fig.7.5 Electron drift velocity w, in argon as a function of the specific electric field strength [178]
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Fig. 7.6 Electron drift velocity w, in xenon as a function of the specific electric field strength.
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Table 7.1 The diffusion coefficients D of atoms and molecules in a parent gas given in cm?/s and
reduced to the normal number density

Gas D, cm?/s Gas D, cm?/s Gas D, cm?/s
He 1.6 H; 1.3 H,O0 0.28

Ne 0.45 N» 0.18 CO, 0.096
Ar 0.16 (0)) 0.18 NH3 0.25

Kr 0.084 CO 0.18 CHy 0.20

Xe 0.048

Table 7.2 The parameters of formula (7.12) with the diffusion coefficient D, at temperature 7 =
300 K is expressed in cm?/s, and values of the parameter ~ of formula (7.12) are given in parentheses

Atom, gas He Ne Ar Kr Xe

He 1.66(1.73) 1.08(1.72) 0.76(1.71) 0.68(1.67) 0.56(1.66)
Ne 0.52(1.69) 0.32(1.72) 0.25(1.74) 0.23(1.67)
Ar 0.195(1.70) 0.15(1.70) 0.115(1.74)
Kr 0.099(1.78) 0.080(1.79)
Xe 0.059(1.76)
Average (1.72 £ 0.03)

Table 7.3 The diffusion coefficient of metal atoms in inert gases at temperature 300 K, expressed

in cm?/s [159]

Atom, gas He Ne Ar Kr Xe
Li 0.54 0.29 0.28 0.24 0.20
Na 0.50 0.31 0.18 0.14 0.12
K 0.54 0.24 0.22 0.11 0.087
Cu 0.68 0.25 0.11 0.077 0.059
Rb 0.39 0.21 0.14 0.11 0.088
Cs 0.34 0.22 0.13 0.080 0.057
Hg 0.46 0.21 0.11 0.072 0.056
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Table 7.4 Gas-kinetic cross sections for collisions of atoms or molecules o, expressed in
10~15 cm?

Colliding He Ne Ar Kr Xe H, N (0] CO CO,
particles

He 1.3 1.5 2.1 24 2.7 1.7 2.3 22 2.2 2.7
Ne 1.8 2.6 3.0 33 2.0 2.4 2.5 2.7 3.1
Ar 37 4.2 5.0 2.7 3.8 3.9 4.0 4.4
Kr 4.8 5.7 32 44 43 44 4.9
Xe 6.8 3.7 5.0 52 5.0 6.1
H, 2.0 2.8 2.7 2.9 34
N, 39 38 3.7 4.9
(0)) 3.8 37 44
CO 4.0 4.9
CO, 7.5

Table 7.5 Thermal conductivity coefficients in gases x expressed in 10~* W/(cm K) [160]

T, K 100 200 300 400 600 800 1000
H> 6.7 13.1 18.3 22.6 30.5 37.8 44.8
He 7.2 11.5 15.1 18.4 25.0 30.4 354
CH4 - 2.17 3.41 4.88 8.22 - -
NH3 - 1.53 2.47 6.70 6.70 - -
H,O - - - 2.63 4.59 7.03 9.74
Ne 223 3.67 4.89 6.01 797 9.71 11.3
CcO 0.84 1.72 2.49 3.16 4.40 5.54 6.61
N> 0.96 1.83 2.59 3.27 4.46 5.48 6.47
Air 0.95 1.83 2.62 3.28 4.69 5.73 6.67
()] 0.92 1.83 2.66 3.30 4.73 5.89 7.10
Ar 0.66 1.26 1.77 222 3.07 3.74 4.36
CO, - 0.94 1.66 243 4.07 5.51 6.82
Kr - 0.65 1.00 1.26 1.75 221 2.62
Xe - 0.39 0.58 0.74 1.05 1.35 1.64
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Table 7.6 The viscosity coefficient of gases at atmospheric pressure given in 10~ g/(cm s) [157]

T, K 100 200 300 400 600 800 1000
H> 4.21 6.81 8.96 10.8 14.2 17.3 20.1
He 9.77 15.4 19.6 23.8 314 38.2 44.5
CH4 - 7.75 11.1 14.1 19.3 - -
H,O - - - 13.2 21.4 29.5 37.6
Ne 14.8 24.1 31.8 38.8 50.6 60.8 70.2
CcO - 12.7 17.7 21.8 28.6 343 39.2
N> 6.88 12.9 17.8 22.0 29.1 349 40.0
Air 7.11 13.2 18.5 23.0 30.6 37.0 42.4
0, 7.64 14.8 20.7 25.8 344 41.5 47.7
Ar 8.30 16.0 22.7 28.9 389 474 55.1
CO, - 9.4 14.9 19.4 273 33.8 39.5
Kr - - 25.6 33.1 45.7 54.7 64.6
Xe - - 233 30.8 43.6 54.7 64.6

Table 7.7 Diftusion coefficients of metastable atoms or molecules in parent gases at room tem-

perature [135]

Metastable atom, molecule D, cm?/s
He(23$) 0.59
He(2!$) 0.52
He(2’°%,) 0.45
Ne( Py) 0.20
Ne(® Py) 0.20
ArCP,) 0.067
ArC Py) 0.071
Kr(C Py) 0.039
Kr( Py) 0.043
Xe( Py) 0.024
Xe(® Py) 0.020
N(D) 0.24
NCD) 0.19
N2 (A3%,) 0.20
02(1Ay) 0.19

Table 7.8 Conversion factors for transport coefficients in gases

Number Formula Factor C Units
1. K= 1.743 - 10* W/(cmK) | T inK, m in aum., 73 in A2
CJT/m/oy

7.443 - 10° W/(cmK)

T inK,mine.uwm., o7in Az

2. n=C«Tm/oy

5.591-107° g/(cms)

T in K, m in a.u.m., 73 in A2
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Table 7.9 The zero field mobility (in cm?/(V s)) of positive ions of alkali metals in inert gases and

nitrogen at room temperature [166, 167, 171]

Ion, gas He Ne Ar Kr Xe H» N>
Lit 22.9 10.6 4.6 3.7 2.8 12.4 4.15
Na* 22.8 8.2 3.1 22 1.7 12.2 2.85
K+ 21.5 74 2.7 1.83 1.35 13.1 2.53
Rb* 20 6.5 2.3 1.45 1.0 13.0 2.28
Cst 18.3 6.0 2.1 1.3 091 12.9 2.2

Table 7.10 The ratio between experimental and theoretical mobilities of ions in inert gases [134]

Ion, gas He Ne Ar Kr Xe Hy Ny

Lit 1.27 1.17 1.06 1.07 1.06 1.02 0.89
Nat 1.38 1.24 1.07 1.06 1.09 1.13 0.97
K+ 1.35 1.28 1.08 1.10 1.07 1.14 0.98
Rb* 1.29 1.26 1.08 1.07 1.0 1.14 0.99
Cst 1.19 1.18 1.07 1.08 1.07 1.15 0.99

Table 7.11 The contribution of elastic ion-atom scattering to the mobility of atomic ions in a
parent gas at room temperature. K is the mobility without elastic scattering, AK is a decrease of
the mobility due to elastic ion-atom scattering [134]

Ion, gas AK/K, % Ion, gas AK/K, %
He 5.8 Li 12
Ne 7.8 Na 8.2
Ar 11 K 8.9
Kr 6.0 Rb 7.7
Xe 9.2 Cs 7.5




180

7 Transport Phenomena in Gaseous Systems

Table 7.12 Conversion factors for transport coefficients

Number | Formula Factor C Units
1. D=CKT 8.617 - 1075 cm?%/s K incm?/(V's), T inK
1 ecm?/s K incm?/(V's), T ineV
2. K=CD/T 11604 cm?/(V s) Dincm?/s, T in K
1cm2/(V s), D incm?/s, T in eV
3. D = CJT/n/(NaT) 4.285 - 10"%cm?/s o7in A2, N inecm™3, T in K,
4 1n a.u.m.
1.595 cm?/s o1 A2, N =2.687 - 101°
cm3, T in K, L in a.u.m.
171.8 cm?/s orin A2, N =2.687 -
10%cm=3, T ineV, 4 in a.um.
4.024 cm?/s orin A2, N =2.687 -
10%cm=3, T ineV, (4 in e.u.m.
7335 cm?/s orin A2, N =2.687 -
10%cm™3, Tin eV, 44 in e.u.m.
4. K = C(J/TuNaoy)™! 171.8 cm?/(V s) oTin A2, N =2.687 -
10%cm™3, T ineV, (4 in a.u.m.
7338 cm2/(V s) oTin A2, N =2.687 -
10%m=3, T ineV, (4 in e.u.m.
5. ¢ =CE/(TNo) 1.160 - 102° EinV/em, T in K, o in
10\2, N incm™3
1-10% E in V/em, T ineV, o in
10\2, N incm™3

Table7.13 Parameters of electron drift in inert gas atoms at zero electric field and room temperature

[178]

Gas He Ne Ar Kr Xe
DeNg, 1021 em~1s=! |72 72 30 1.6 0.43
K.N,, 102 cmsV)~! |29 29 12 0.62 0.17
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Table 7.14 The electron drift velocity w in gases expressed in 10> cm/s [178]

E/N,Td |He Ne Ar Kr Xe H> N>
0.001 0.028 0.35 0.15 0.015 0.004 0.020 -
0.003 0.080 0.55 0.53 0.038 0.013 0.052 -
0.01 0.25 0.89 1.0 0.13 0.040 0.17 0.39
0.03 0.64 1.3 1.2 0.90 0.16 0.46 1.0
0.1 14 2.1 1.7 1.4 0.86 1.4 2.3
0.3 2.7 35 2.4 - 1.1 32 3.1
1 4.8 - 3.1 - 1.4 6.2 4.5
3 8.6 - 4.0 - 1.8 10 7.7
10 22 - 11 - 6.0 19 18
30 72 - 26 - 18 37 42
100 - - 74 - 53 130 100

Table 7.15 Transport coefficients for electrons in helium in the regime of a low electron number
density. The reduced electric field strength E/N, is expressed in Td (I Td = 10717 V cm?), the
electron drift velocity w, is given in cm/s, the reduced transversal diffusion coefficient of electrons,
D, /N,, is represented in (cm s y~!. The electron mobility K = w,/E is taken from [164, 178,
186], and the Townsend characteristic energy eD /K, is measured in eV. The gas temperature is

300 K

E/N, We DN, eD, /K
0.001 2.5-103 6.2-10%! 0.025
0.003 7.4-103 6.2-10% 0.025
0.01 2.5-10* 7.2-10% 0.029
0.03 7.4-10% 8.9.10% 0.036
0.1 1.6-10°(1.7-10°) |1.0-10%? 0.064
0.3 2.9-10° (2.9-10%) 14.10% 0.15
1 49.10°(5.3-10%) |2.2-10% 0.44
3 9.0-10°(9.1-10%) |3.6-10% 1.2
10 2.1-10°(1.7-10% |7.6-10%2 3.6
30 7.0-10° [6.5 - 10°] 1.2-108 5.3
100 2.50-107 [2.2-107] |2.2-10% 8.2
300 7.0-107 [6.5-107] |3.0-10% 11
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Table 7.16 Transport coefficients for electrons in helium in the regime of a low electron number
density. The reduced electric field strength E/N, is expressed in Td (1 Td = 10~!7 V cm?), the
electron drift velocity w, is given in cm/s, the reduced transversal diffusion coefficient of electrons,
D, /N, is represented in (cm s )_1. The electron mobility K = w,/E is taken from [178, 188—
190], and the Townsend characteristic energy eD | /K, is measured in eV. The gas temperature is

300 K

E/N,, Td we, 10° cm/s DiN,, 10?2 (cms)~ ! |eD, /K, eV
0.001 0.15 5.7 0.038
0.003 0.48 21 0.13
0.01 1.0 47 0.47
0.03 1.4 47 1.0
0.1 1.8 29 1.6
0.3 2.3 19 2.5

1 2.7 12 44

3 43 10 6.9
10 10 7.1 7.1
30 24 5.9 74
100 60 5.0 8.3
300 140 4.0 8.5




Chapter 8
Conclusion

This book is devoted to properties of atomic particles, as well as to processes involving
atomic particles. Basic models for parameters and dynamics of atomic particles are
accompanied by numerical data in their tables and figures. The material of the book is
useful for the numerical analysis of certain atomic objects and allows one to find or to
estimate parameters of atomic objects as well as those for processes with participation
of atomic particles. The data and models under consideration are of interest not only
for atomic and molecular physics, but also to physics of gases, plasmas, liquids and
solids, physical kinetics and thermodynamics where atomic interactions are essential.
Hence, this book may be an addition to traditional courses related to various fields
of physics where atomic interactions or atomic transitions are of importance.
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Spectra and Diagrams

Atomic Spectra

Physical Quantities in the Form of Periodical Tables.

Ptl. Standard weights of elements and their natural occurrence in Earth crust
(Fig.2.1).

Pt2. Natural occurrence of stable isotopes (Fig.2.2).

Pt3. Long-lived radioactive isotopes (Fig.2.3).

Pt4. Radiactive isotopes of lanthanides and transuranides (Fig.2.4).

Pt5. Ionization potentials of atoms and ions (Fig. 3.19).

Pt6. Ionization potentials of atoms and ions of lanthanides and transuranides
(Fig.3.20).

Pt7. Electron affinities of atoms (Fig.3.21).

Pt8. Lowest excited states of atoms (Fig. 3.22).

Pt9. Splitting of lowest atom levels (Fig.3.23).

Pt10. Resonantly excited atom states (Fig.4.1).

Pt11. Atomic and diatomic polarizabilities (Fig.5.2).

Pt12. Parameters of homonuclear molecules (Fig.5.5).

Pt13. Parameters of homonuclear positive diatomic ions (Fig.5.6).

Pt14. Parameters of homonuclear negative diatomic ions (Fig.5.7).

Pt15. Electron affinity of molecules (Fig.5.18).

Pt16. Affinity of atoms to hydrogen and oxygen atoms (Fig. 5.22).

Pt17. Cross sections of resonant charge exchange (Fig. 6.4).

Pt18. Parameters of cross section of resonant charge exchange (Fig.6.5).

Pt19. Mobilities of atomic ions in parent gas (Fig.7.2).
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